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Abstract

Substituted perovskite-type manganese oxides with the general formula

La1−xDxMnO3 (D = divalent alkaline-earth ion) have been studied since 1950. The

antiferromagnetic LaMnO3 becomes ferromagnetic by this type of substitution due

to a concomitant change in the valency of manganese; from trivalent to tetravalent.

The recent interest in these oxides stem from the observation of huge change in the

electrical resistance, under a magnetic field, known as Colossal Magnetoresistance

(CMR), in 1994. In the La-site substituted compounds, the interesting magnetic

and electrical properties are derived from the difference in the spin-states of Mn ions

when compared to that in LaMnO3. Therefore, it can be expected that the effects

derived from La-site substitution can be mimicked, to some extent, by the substitution

of Mn, represented as LaMn1−xMxO3 (M = Cr, Co, Ni, etc.). This latter class of

compounds, which are equally important, but relatively underexplored is studied, in

the present work. Similarly, a sub-class of Mn-site substituted compounds, called

double perovskites, of the type RE2MnMO6 (RE = lanthanide ion), which can show

a number of interesting properties like ordering of ions in specific lattice sites, charge

disproportionation, etc., are also explored.

The major challenge in the study of LaMn1−xMxO3 is the difficulty in underpinning

the spin-states of the Mn-site ions, as evident from the contradicting reports in the

literature. This ambiguity may be an intrinsic property of the compounds or can

be due to inadequate processing or investigation. To understand and explain the

observed properties – especially magnetic properties – of the Mn-site substituted

manganate compositions, a meticulous and detailed investigation from the point of

view of processing-structure-property correlation study is required. The thesis deals

with these studies and is divided into six chapters.

A general introduction to the subject and a review of the previous studies on
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Mn-site substitution of the perovskite-type manganates are treated in the first chap-

ter. The finding that majority of the reports in the literature on these systems are

contradictory, is illustrated.

Details of the methods of synthesis of the compounds studied in the present

work and the principles of techniques and devices used for structural, electronic,

and static/dynamic magnetic property studies are discussed in the second chapter.

Structural and magnetic properties of the LaMn1−xCoxO3 compositions are pre-

sented in three sections of the third chapter; i) the double perovskite composition,

La2MnCoO6 and its new ferromagnetic phases, which are synthesized in pure forms,

for the first time, during this work, ii) the compositions in the region 0 < x < 0.5,

which showed an unprecedented magnetic behaviour, namely a ‘melt-down’ of fer-

romagnetic transition temperatures of all compositions to 150 K after annealing at

higher temperatures, iii) the Co-rich region 0.5 < x < 1.0, where all compositions are

proved to be lacking long-range ferromagnetic order.

The fourth chapter describes detailed studies on two different ferromagnetic phases

of La2MnNiO6, synthesized in single phase forms, by a low-temperature method,

during this work. The origin of the mixed phase behaviour of La2MnNiO6, synthesized

by the conventional solid-state method, is explained.

Structural and magnetic studies on La2MnCo1−xMxO6 (M= Ni, Fe, and Al) series

are described in the fifth chapter. Interesting modifications in the magnetic properties

of La2MnCoO6 are obtained on substitution, viz. Ni, reinforces the ferromagnetism

of La2MnCoO6, Fe induces broadening of the magnetic transition, and Al results in

a shift of the magnetic transition to lower temperatures.

The sixth chapter deals with the possible ferromagnetic phases of the rare-earth

double perovskites RE2MnMO6 (RE = rare-earth ion, M = Co or Ni). The effect of

ionic-size of RE+3 on the strength of the ferromagnetic exchanges in these substituted

manganates is analyzed.



Chapter 1

Introduction

Material science is one of the oldest branches of science and its enormous influence

sequels on various vistas of technological and biomedical advancements. From the

time immemorial, materials have been used as the medium for aesthetic art, and

later the proliferation of staple devices and articles, changed the face of this science.

Now, the objectives of materials science can be abridged into two;

1. Understand structure-properties relationship.

2. Manipulate atomic and microstructural processes to create novel materials with

desired structure and properties.

There are different methods of classification of materials in different contexts. From

the research point of view, materials may be divided into three;

Functional materials: They have a function in a particular application, attributed

to their crystallographic or electronic features. e.g. semiconductors, magnetic

materials, etc.

Structural materials: Their applications are based on the mechanical properties

and other features are not much relevant. e.g. steel, plastic, etc.

Smart materials: Similar to the functional materials, their electronic and crystal-

lographic features are considered in applications, but their response while per-
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forming a particular function is as smart as living organisms. e.g. shape-memory

alloys, magnetostrictive materials, etc.

Functional materials always occupy the center stage of scientific research, owing

to their ubiquity and usefulness. A class of such materials that has become increas-

ingly interesting for electronic devices is the perovskite-type oxides. By structural

and compositional tuning, these compounds can be made to exhibit any degree of

conductivity including superconductivity and almost any kind of magnetic order like

ferromagnetism, antiferromagnetism, etc. This type of materials are indispensable in

one of the nascent technologies namely spintronics, where both the conductivity and

magnetism are blended spectacularly.

1.1 Chronicle

One of the reasons, for the interest in perovskite oxides in the earlier times is the

simplicity and flexibility of their structure. Structural flexibility facilitate the incor-

poration of a large number of metal ions into the perovskite lattice, giving rise to a

plethora of exotic properties. Similarly, its simple structure compared to that of other

ternary oxides (discussed in the following section), makes them model compounds to

study and experiment with. Perovskite-type oxides derive their name from the min-

eral called perovskite with the chemical formula CaTiO3. This mineral was named

by the geologist Gustav Rose in the 1830s after the Russian mineralogist Count Lev

Aleksevich von Perovski. Perovskite-type oxides, which have the crystal structure

related to CaTiO3 are the earth’s most abundant minerals and have long been of the

interest to the geologists for the information inscribed in their crystal structure and

electrical properties, regarding the evolution of the planet earth [Haz88].

The observation of ferroelectric phenomena in BaTiO3 in 1945 (by Arthur R. von

Hippel in the United States), admitted perovskite oxides into the group of functional
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materials. Following this discovery, the volume of research work carried out, on this

oxides was so extensive that within a decade of time almost all possible members of

this family were studied for their structural and electronic properties [Gal69]. Mean-

while, partial substitution of the metal ions by other suitable ions was found to gen-

erate interesting properties, which were not existing in the pristine compounds, and

that initiated the whole gamut of substituted perovskite-type compounds. This lead

to the discovery of many new ferromagnetic, ferroelectric, piezoelectric, and laser-host

materials in the succeeding years.

In 1986 perovskite-type oxides became the most celebrated material, since the

discovery of high-temperature superconductivity in the oxygen deficient, copper-

containing substituted perovskite-type oxide, BaxLa5−xCu5O5(3−y) (x = 1 and 0.75,

y > 0) [Bed86]. Recently in 1994, once again substituted perovskite-type oxides came

into the spotlight of rigorous materials research with the report of huge changes in

electrical resistance in the presence of a magnetic field, called Colossal Magnetoresis-

tance (CMR), in the compound La0.67Ca0.33MnOx (x varies with the oxygen pressure

used during synthesis) [Jin94]. Material researchers around the globe are exploring

this oxide system, to underpin the origin of its anomalous behaviour. Such substi-

tuted lanthanum manganates are studied, because if this effect is properly tuned,

they may replace the metal layers currently used–since 1997–as read heads in mod-

ern computers, owing their superiority in structural stability and ease of manufac-

ture. It is interesting to note that the above ferromagnetic metallic manganate is

derived from an antiferromagnetic insulating parent, LaMnO3, just by Ca substi-

tution. Here the substitution by Ca generates an equivalent amount of Mn+4 ions

for charge neutralization and thereby the novel properties. Such La-site substituted

manganates have been studied extensively in the recent past after the discovery of

CMR [Col98, Coe99, Che00, Col00]. Substitution of manganese ions in LaMnO3 by

other transition metal ions like Co, Ni, etc, also generates ferromagnetism, but they
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are less exploited [Goo61, Bla65, Hav66, Jon66]. However, most of these character-

istics in both types of substitutions can be explained in terms of the structural and

electronic changes concomitant with the substitution in the perovskite lattice.

1.2 Structural aspects

Structurally, perovskites are included in the family of ternary crystal systems with two

distinct cation sites (“A” and “B”) and an anion site (“X”) in the lattice [Mul74]. The

ternary crystal systems encompasses the compounds with general formulae ABX3,

ABX4, A2BX4, etc. Perovskites come under the class with the general molecular

formula ABX3, that also contains groups, viz. ilmenites, calcites, corundums, etc., of

different crystal structures. Perovskite structure essentially consists of a framework

of BX6 octahedra linked by their corners, with large A cations (of comparable size

as that of X anions), occupying cuboctahedral cavities (in oxides X = oxygen ions).

This structure can also be envisaged as the smaller B cations occupying the octahedral

voids formed by a ‘cubic close packed’ array of A cations and X anions in combination.

In the ideal case, with proper sized ions, a cubic crystal structure is formed as in the

aristotype, SrTiO3. In Figure 1.1(a), the ideal perovskite structure in a cubic unit

cell basis is shown. Here, the B ions are at the origin and A ions are in the twelve

coordinated cuboctahedral cavity. The face centered cubic unit cell formed by A and

X ions jointly, with A ions at the origin and B ions in the octahedral cavity, depicting

the possible close packing, is shown in Figure 1.1(b).

But, the perovskite structures are rarely cubic, due to the unavoidable misfit in

the packing of atoms, if the atoms A, B and X are not of the ideal relative sizes. This

size-mismatch cannot be sidestepped by adjusting atomic position parameters so as

to keep the symmetry intact (as in spinels), instead a hettotype with lower symmetry

is formed. Such structural distortions can be easily visualized using a hexagonal basis
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Figure 1.1: The perovskite structure: (a) The B ions at the origin, in cubic basis, (b)
the A ions at the origin, in cubic basis, (c) the A cation at the origin, in hexagonal
basis. The anion is oxygen,O.

as shown in Figure 1.1(c). In the hexagonal basis, the unit cell is constructed along

the < 111 > direction of the cube (in the figure some ions are avoided for clarity).

In addition to the size effect, electronic effects also contribute towards structural

distortion [Goo98]. The formation of a large variety of such hettotypes of perovskites

can be grouped into four categories, as follows;

1. The BX6 octahedra, while remaining regular, may tilt (rotate) relative to one

another, reducing the cavity occupied by A cation and this is the most com-

mon case of structural distortion. This tilting of octahedra occurs if there is a

mismatch in the ionic sizes of cations, especially when A cation is too small for

the twelve coordination.

2. The localized electrons affect the structure, mainly by distorting the octahedra
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of X ions around B cation, i.e. by displacing the X ions. This type of effects

turn up at certain critical temperatures.

3. The B or A cation may be displaced from the center of the interstices surrounded

by X ions, while the X ions retaining their original positions. Such phenomena,

arising from the collective electrons, are temperature dependent.

4. When there is an ordering of B ions, by some means like charge disproportion-

ation, electron transfer, etc., structural distortion occurs.

The structural distortions arising from distortion of octahedra due to electronic effects

and tilting of octahedra due to smaller A cations are of interest to the present study

of perovskite-type manganates of the general formula AMnO3.

1.2.1 Structural distortions from relative ionic sizes

From the structural point of view, the primary requirement for the perovskite oxide

structure is the formation of stable BO6 octahedra. Hence the ions having suitable

size and charge, for six coordination of oxygen ions, may be considered as candidates

for B-site in perovskite-type oxides. Nevertheless, this is not a sufficient criteria for a

stable perovskite structure, but the A cation should be capable of twelve coordination.

In other words, a compromise between the sizes and charges of A and B ions is

necessary.

With a cubic basis, the stability of perovskite structure can be expressed by an

empirical parameter [Gol26, Goo70] called tolerance factor, t , which is related to the

respective ionic sizes as;

t =
rA + rO√
2(rB + rO)

(1.1)

where, rA, rB and rO are the ionic radii of the A, B, and O ions, respectively. Assign-

ing the effective ionic radius [Sha76] of O−2 as 1.4 Å, the ideal radii for A ion and B ion
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Figure 1.2: (a) Hexagonal unit cell, showing the direct correlation of c with cubic
basis, (b) stacking of corner-shared octahedra.

will be 1.4 Å and 0.58 Å respectively, so that t = 1 for the cubic structure.Perovskite

structure (with lower symmetry) occurs only within the 0.75 < t < 1.0 range. In this

range of t, a cooperative tilting of corner shared octahedra occurs, resulting in crystal

structures like rhombohedral, orthorhombic, etc [Meg73].

The tilting of the BO6 octahedra result in a new unit cell with larger volume

because of the fact that the tilts alternate in direction for the successive octahedra.

There are several complicated ways of tilting of octahedra in perovskites, but they

can be represented as the sum of the component tilts along the symmetry axes. The

triad axis of the BO6 octahedra, with hexagonal basis, as illustrated in Figure 1.2(a),

is more useful in this aspect. Also it depicts the direct correlation of hexagonal c with

the cell parameters of cubic basis (the ions outside the hexagonal unit cell are shaded

and some ions are avoided for clarity). The frame work of corner-shared octahedra in
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Figure 1.3: (a) View along triad axis, (b) pure hexagonal stacking, (c) view along
tetrad axis, (d) tetragonal tilt.

the hexagonal basis is shown in Figure 1.2(b). As the size of the A ion decreases, the

tilting increases and in the extreme cases, the perovskite structure with corner sharing

collapses to hexagonal close packed structures such as corundum, ilmenite etc., where

the octahedra are sharing their faces also. Similarly, if the A ion is too large, with

t > 1, hexagonal close packing results, destroying the perovskite structure. In this

case, depending up on the sizes and charges of A and B ions, a cubic-hexagonal mixed

stacking is also possible, in addition to the pure hexagonal close packing [Mul74]. The

pure hexagonal close packing, as shown in Figure 1.3 (b) may be obtained, by a tilt

about the triad axis of cubic stacking given in Figure 1.3(a). The relationship between

the cell parameters in the pure cubic and pure hexagonal stacking is also shown. One

of the simplest types of tilting of octahedra, where the perovskite structure is retained,
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is shown in Figure 1.3(d). Here, the resultant tetragonal crystal structure may be

derived from the tilting of cubic-stacked octahedra, as in Figure 1.3(c), about the

tetrad axis. The thick dotted line indicates the cubic (pseudo-cubic) unit cell in each

case.

1.2.2 Structural changes by localized electrons

The two major phenomena originating from localized electrons of B ions that can

alter the structure expected on the basis of pure ionic size and charge considerations

are spin-orbit coupling and Jahn-Teller effect. In an octahedral crystal field, the

atomic states derived from the atomic orbital angular momentum of the valence

d electrons will be split into t2g and eg groups on the basis of symmetry. As an

aftermath, the orbital angular momenta of the doubly degenerate eg orbitals gets

quenched (ml = 0) and that of the triply degenerate t2g orbitals gets reduced (ml =

0,±1). This splitting of energy levels depends on symmetry, and the symmetry-based

term symbols such as T2g, Eg, etc. are used to represent such ions, rather than the

momentum-based terms such as D, F , etc. The ground states having an orbital

degeneracy and ml 6= 0, are split by spin-orbit coupling into (2J + 1) states, where J

is the resultant angular momentum quantum number. Spin-orbit coupling introduces

an axial symmetry to the charge distribution, where the spin (atomic-moment) defines

the axis. Coupling of this charge distribution with the crystal field leads to spin-lattice

interaction, especially below the ordering temperature of the spins. This interaction

is the origin of magnetic anisotropy and results in the distortion of octahedra, at

certain temperature range.

The second important effect from localized electrons is the Jahn-Teller phenom-

ena, which is generally observed in non-linear molecules. In perovskites, the B cation

is in octahedral crystal field and if the ground state of this ion is an orbitally two-

fold degenerate Eg state (but not a Kramers’ doublet), e.g. Mn+3 with 5Eg, with
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the t2g orbitals either full or half-filled , then there is no spin-orbit coupling avail-

able to remove this degeneracy. In this situation, the Jahn-Teller effect originates

as a spontaneous local distortion of the octahedra around the B cation. The en-

ergy gained by this effect varies linearly with the distortion, whereas the energy lost

against the elastic restoring forces of the crystal varies quadratically, setting a limit

to the degree of distortion. This energy loss in elastic forces is minimized in the case

of cooperative Jahn-Teller distortions, where the ions distort the BO6 octahedra in

synchronization. Such cooperative distortions are of significant magnitude and of in-

terest to the perovskite manganates. At the same time, the normal vibrational modes

that split the ground state, Eg, are themselves two-fold degenerate with symmetry Eg

[Van39]. One mode gives a tetragonal distortion (Q3 mode), and the other results in

orthorhombic distortion (Q2 mode). Therefore there is a dynamic coupling between

electronic charge density and vibrational modes, resulting in a dynamic splitting of

electronic Eg state, called dynamic Jahn-Teller distortion. However, below certain

temperature, the dynamic distortions are frozen, giving rise to static Jahn-Teller

distortion. The parent compound of manganates, which is relevant to the present

study, namely stoichiometric LaMnO3, is a Jahn-Teller distorted compound. Below

900 K, the rhombohedral structure of LaMnO3 changes to O′-orthorhombic, associ-

ated with the freezing of dynamic distortion. 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.
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1.2.3 Structural changes by collective electrons

Here, the cations are moved out of their center of symmetry and that is the major

difference from the structural distortions due to localized electrons. Collective elec-

trons mainly affect the ferroelectric properties of perovskites by displacing the B or

A ions from their symmetrical positions in the respective interstices. A cooperative

displacement of the cationic sublattice, relative to the anionic sublattice, may increase

the energy gap between the occupied, primarily anionic states and empty, primarily

cationic states, thereby stabilizing the occupied states. Here, both electronic energy

gained and the energy lost in elastic strain are dependent quadratically on the degree

of displacement. Therefore, when the constant of proportionality for the electronic

stabilization is greater than that of the elastic energy, an electronic stabilization may

be possible by such displacements. For example, B cations having empty d orbitals

can form more covalent-type bond, and show cation displacement. Here, depending

upon the axis of displacement, different crystal structures are formed, e.g. BaTiO3 is

rhombohedral at the lowest temperatures (below 183 K) due to the displacement of

Ti ions along the [111] axis. Nevertheless, the covalency of the A-O bond should be

weak enough to avoid the cancellation of the effect due to the B-O bond covalency

e.g. CaTiO3, which is orthorhombic without any Ti ion displacement.

1.2.4 Structural transformations due to B ion ordering

There are four different situations, in which the ordering of B ions occur, resulting in

a possible distortion of perovskite lattice;

1. When the A cation with two different valence states are present and if the B

ion is capable of vary its valence state, inorder to maintain electrical neutrality

B cations will be forced to present in two different valence states. Below certain

temperature, these B ions will order by electron transfer resulting in a structural
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transformation, e.g. La+3
0.5Ca+2

0.5Mn+3
0.5Mn+4

0.5O3, below 150 K [Wol55].

2. When the energy difference between the high-spin and low-spin-states of B ion

is nearly equal, their population approaches each other at higher temperatures.

Therefore, above certain temperatures, ionic ordering and a structural transfor-

mation results, e.g. LaCoO3 changes its symmetry from R3c to R3, above 400

K [Goo70].

3. Disproportionation of the B+m cation into B+(m−1) and B+(m+1) can create ions

of different size and charge, facilitating their ordering and thereby a change in

crystal structure, e.g. ¤PdF3, where A cation is missing, disproportionates into

Pd+2PdIV F6.

4. When a fraction of the B ion is substituted by other ions, B
′
, of different size

or charge, an ordering between B and B
′

ions may occur, accompanied by a

structural transition, e.g. double perovskite compositions, generally represented

as AB0.5B
′
0.5O3 or A2BB

′
O6.

1.3 Magnetism: An introduction

Magnetism is a universal property, present in any matter which is composed of charged

particles, and is attributed to the relative motion of these particles. A material is

said to be “magnetic”, if it has a response, when it is kept in an external magnetic

field. Depending on the nature of this response, magnetic matter can be grouped

into two; Diamagnetic, if the matter is repelled from the external magnetic field

and Paramagnetic, if it is attracted towards the field. The most important charged

particle, which contributes to magnetism, is a moving electron. Therefore magnetism

due to electrons is briefly described here. Diamagnetism is omnipresent and originates

when an external magnetic field tries to deflect the path of the electron, according
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to Lenz’s law. However, the magnitude of diamagnetic response is meagerly small

in most of the matter, except in the case of superconductors, which are the perfect

diamagnets and hence diamagnetism is of less relevance here.

1.3.1 Classical view of paramagnetism

A paramagnetic material is composed of atoms (ions), with a magnetic moment,

~µ, due to unpaired electrons on each atoms. These moments will be forced to align

parallel to an applied field, ~H, to minimize the potential energy, given by the formula;

EP = −~µ · ~H (1.2)

At the same time, thermal agitation prevents the moments from aligning in any direc-

tion. Thus a Maxwell-Boltzmann statistics can be applied to a paramagnetic system,

with n atoms per unit volume, in an applied field, and expressed mathematically as

[Cul72];
nµ

nµ
=

M

M◦
= coth a− 1

a
(1.3)

The expression on right hand side of the above equation is called the Langevin func-

tion, expressed as a series;

L(a) =
a

3
− a3

45
+

2a5

945
− . . . (1.4)

where a = µH/kT . When a is small, either because of a lower applied field or due

to a higher temperature, Equation 1.4 reduces to a/3 and from Equation 1.3, the

response of a paramagnetic substance at lower applied fields is derived as;

χ =
M

ρH
=

Nµ2

3AkT
emu g−1Oe−1 (1.5)

where, χ is called paramagnetic molar susceptibility, N is Avogadro’s number, µ is the

average magnetic moment on each component atom of mass A, at a given temperature,

T , and field, H, ρ is the density of the substance and k is Boltzmann’s constant (here,
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all the atoms of the magnetic substance are assumed to have a magnetic moment).

Also, µ become equal to µ, at very low temperatures and very high applied fields and

then magnetization per gram, M , of the material is called saturation magnetization,

M◦. In general, χ is a scalar quantity, if the material is magnetically isotropic and for

anisotropic materials, χ is a tensor. Equation 1.5 can be written in a more compact

form, by combining all the constants, to form the Curie’s law, which is the first

mathematical relation between temperature and magnetic susceptibility, as given by;

χ =
C

T
(1.6)

where, C is the Curie constant per gram of a given substance.

1.3.2 Quantum mechanical approach

If one goes in depth to the origin of paramagnetism, it leads to the orbital angular

momentum, | ~l |= ~
√

l(l + 1) and spin angular momentum, | ~s |= ~
√

s(s + 1) (where,

~ = h/2π, h is Plank’s constant, s is the spin quantum number, and l is the azimuthal

quantum number) [Cas76], of the unpaired electrons on the atoms (ions), of which the

material is made. Each of these motions generates a magnetic moment, which is given

by the product of the gyromagnetic ratio (the ratio of magnetic moment to angular

momentum), and angular momentum. Gyromagnetic ratio for orbital momentum

is equivalent to a unit Bohr magneton, µB, and that of spin, is 2.0023µB(≈ 2µB)

[Abr70], where, µB = 9.2732× 10−21emu or erg Oe−1 in cgs units. Thus the magnetic

moments are represented as;

~µorbital = −µB
~l emu (1.7)

~µspin = −2µB~s emu (1.8)

But, these angular momenta, being vector quantities, can couple in four ways, viz.

~li− ~si, ~li− ~sk, ~li− ~lk, and ~si− ~sk, where, the subscript indicates the ith or kth electron.



Introduction 17

Out of these, ~li− ~sk coupling is very weak and hence may be neglected [Ear68]. There

now exists two possibilities;

1. When the spin–orbit coupling is weak, ~si − ~sk > ~li − ~lk > ~li − ~si, so that the

spin and orbital angular momenta couple individually to form the total spin

quantum number , S =
∑

i si and total orbital quantum number , L =
∑

i li.

These L and S couple to form the total angular momentum quantum number ,

J and is called Russell–Saunders coupling. This coupling is generally observed

in lighter transition metals ions and therefore of significance to the study of

magnetism in perovskite manganates. But J , formed after this coupling can

have different possible values (L + S), (L + S − 1), (L + S − 2), . . . , | L − S |.
Then the ground state of the total angular momentum of an atom, with a less

than half filled or more than half-filled shell corresponds to the smallest or

largest J value, respectively.

2. When spin-orbit coupling is strong, ~li − ~si > ~si − ~sk > ~li − ~lk, so that the spin

and orbital momenta of each electron couple to form effective angular momen-

tum quantum number, j, and they couple to give the total angular momentum

quantum number , J =
∑

i ji . This is known as jj coupling and is observed in

rare-earth elements and other heavier elements.

Corresponding to each of the angular momentum quantum numbers, there is an

angular momentum vector, having a magnitude greater than the respective quantum

number, e.g. | ~J |=
√

J(J + 1). So, practically, the magnetic moment of any atom

or ion is originating from the total angular momentum vector and it is called effective

magnetic moment, given as;

~µ ~J = ~µeff = −gµB
~J emu (1.9)

µeff = −gµB | ~J |= −gµB

√
J(J + 1) emu (1.10)
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where, g, the Landé g-factor in the case of Russell-Saunders coupling, is given by;

g = 1 +
J(J + 1)− L(L + 1) + S(S + 1)

2J(J + 1)
(1.11)

Interestingly, for an atom with unpaired electrons, Equation 1.9 reduces to ~µorbital,

when S = 0 or ~µspin, when L = 0. The latter situation arises most frequently in the

case of transition metal ions in a crystal field. Here, the orbital angular momentum

is quenched, either partly or completely, by the coupling of electric field of the lattice

with the orbitals so that the orbitals and the orbital magnetic moments are prevented

from rotating towards the applied magnetic field. Unlike orbitals, the spins are only

loosely bound to the orbitals, facilitating its contribution to magnetization. For most

of the atoms, g-factor lies between 1 and 2, with some exceptions. Since the magnetic

moment depends on g-factor, the experimentally determined g-factor, using magnetic

resonance measurements, is helpful to calculate the atomic magnetic moment.

When a magnetic field is applied to determine the susceptibility of a paramagnetic

material, the ground state, ~J , undergoes space quantization (all the other ~J s splits

similarly) into (2J + 1) directions. Then, corresponding magnetic quantum number,

mJ = ~Jz, has values J, J − 1, J − 2, . . . ,−(J − 2),−(J − 1),−J , where, ~Jz is the

component of total angular momentum vector along z-axis. Each ~Jz generates a

corresponding magnetic moment, which is the component of ~µeff in the direction of

applied field, H, given by;

~µ ~H = −gµB
~Jz emu (1.12)

And the magnitude of the above component will be expressed as;

µ ~H = −gµBJz = −gµBmJ emu (1.13)

Here the maximum value of µ ~H is equal to −gµBJ emu. The only difference between

classical and quantum mechanical approaches is in the expression for potential energy

(see Equation 1.2), which is given in the latter case as;

EP = −gµBmJH (1.14)
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After the application of Maxwell-Boltzmann statistics to the above energy distribu-

tion into quantized levels, for a system of n atoms per unit volume, the quantum

mechanical expression, similar to the classical one (see Equation 1.3), is obtained as;

nµ

ngµBJ
=

M

M◦
=

2J + 1

2J
coth

(
2J + 1

2J

)
a
′ − 1

2J
coth

a
′

2J
(1.15)

where, a
′
= gµBJH/kT and the expression on right side is called the Brillouin func-

tion, which is abbreviated as B(J, a
′
). When J = ∞, the quantized levels become con-

tinuous and Brillouin function reduces to the classical situation given by the Langevin

function. Similarly, at lower applied fields and ambient temperatures, i.e. at lower

a
′
, Equation 1.15 reduces to a

′
(J +1)/3J , and therefore in practical situations, para-

magnetic susceptibility is expressed as

χ =
M

ρH
=

Nµ2
eff

3AkT
emu g−1Oe−1 (1.16)

This expression is now in the form of Curie law. Until now the paramagnetism

originating from the localized electrons are only subjected to the discussion, but

in solids, the collective electrons, also contribute to paramagnetism [Goo63]. Such

effects are generally less significant for insulating compounds and is out of scope for

an introduction to magnetism in manganates.

1.3.3 Cooperative magnetic phenomena

The essence of paramagnetism lies in the criterion that there is hardly any interaction

between the individual magnetic moments. In order to achieve the saturation magne-

tization, M◦, of a paramagnet, where all the moments align parallel to the direction

of the applied field, very high magnetic fields are required, simultaneously with very

low temperatures. But there are systems which are paramagnetic only above a criti-

cal temperature. Such materials undergo spontaneous ordering of magnetic moments

below the critical temperature, because of the ‘interaction’ between the moments.
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Figure 1.4: Generic temperature dependence of inverse susceptibility, in different
types of magnetism.

Based on the types of ordering, such magnetic systems may be classified into four,

viz. ferromagnetic, antiferromagnetic, ferrimagnetic and helimagnetic. In ferromag-

netic materials, below Curie temperature, Tc, moments align parallel to each other.

These materials will attain saturation magnetization, M◦, under relatively small ap-

plied magnetic fields and are of importance to the study of perovskite manganates.

In the case of antiferromagnetism, moments cancel out each other by antiparallel

alignment, below the Néel temperature, TN . Ferrimagnetism is also a situation of an-

tiparallel alignment of moments, but the moments are of unequal magnitudes, so that

there is a net magnetization. All other types of alignments of magnetic moments, may

be included in the class of helimagnetism, considering the angle between the mag-

netic moments in the range, 0◦ < θ < 180◦(θ = 0◦, corresponds to ferromagnetism

and θ = 180◦, is antiferromagnetism or ferrimagnetism).

As discussed earlier the Curie low for paramagnets is based on the ideal condition,
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where the individual moments do not interact with each other. But practically most

of the paramagnets undergo a cooperative ordering of moments due to their mutual

interaction. This lead to the modification of Curie law by Pierre Weiss, for the

application to all types of paramagnets. Weiss incorporated an additional magnetic

field, called molecular field, Hm, exerted by the individual moments themselves. This

field is directly proportional to the magnetization, M and the modified form, known

as Curie-Weiss law is expressed as;

χ =
M

ρ(H + Hm)
=

M

ρ(H + γM)
=

C

T − ρCγ
=

C

T −Θ
(1.17)

where, γ is the molecular field constant and Θ is called the Weiss constant.

All the above classes of magnetic materials obey Curie-Weiss law in their para-

magnetic state and it is illustrated in Figure 1.4. Generally, Weiss constant, Θ, for

both ferrimagnetic and antiferromagnetic materials are negative, where as that for

ferromagnetic substances are positive. Diamagnetic substances, except in a few cases,

show temperature independent susceptibility. Similarly, for ideal paramagnetic sub-

stances, where there is no ‘interaction’ between moments, have Θ = 0. In other words,

Weiss constant gives some idea about the strength and nature of ‘interaction’ between

moments. The response of a paramagnetic substance is most commonly measured as

a function of either temperature at a constant field or applied magnetic field at a

constant temperature.

Interaction of magnetic moments: Exchange phenomena

The first explanation for spontaneous ordering of moments given by Pierre Weiss,

assumes a molecular field, acting on each atomic moment, which is proportional to the

magnetization. Even though the concept of molecular field is useful in many contexts,

its origin is unexplained. If magnetic dipolar interactions were considered as the origin

of molecular field, cooperative magnetic ordering would not have been observed above



Introduction 22

1 K, i.e. it is so weak to account for the observed magnetic transition temperatures.

This difficulty is solved by considering the exchange interaction between electrons,

attributed to their indistinguishable nature. The energy involved in these interactions,

called exchange energy, is sufficiently high to explain the cooperative ordering of the

magnetic moments, persisting up to quite high temperatures.

Electrons, being fermions, obey Pauli’s principle, which states that the total wave

function of an electron system should be antisymmetric. The total wave function has

two parts, one corresponding to the space coordinates of electrons and the other to

their total spin, S. So, either the space or the spin function has to be antisymmetric

such that their product gives antisymmetric total wave function. Therefore, a sym-

metric space function (where the electrons exists closely in the space) combines with

the antisymmetric spin function (where the spins are antiparallel), and vice versa.

Thus for a two electron case, the possibilities, which may lead to either parallel (sin-

glet) or antiparallel (triplet) alignment of electrons by exchange is expressed as;

singlet, ΨS =
1√
2
[ψi(1)ψj(2) + ψi(2)ψj(1)][α(1)β(2)− α(2)β(1)] (1.18)

triplet, ΨT =
1√
2
[ψi(1)ψj(2)− ψi(2)ψj(1)][α(1)β(2) + α(2)β(1)] (1.19)

where, ψi and ψj are wave functions for single electrons, moving in the potential

V and belong to the ith and jth atom. The numbers 1 and 2 refer to the spacial

coordinates of electrons. Spin-states of the electrons are designated by α and β.

The ground state - singlet or triplet - of a two electron system is decided by several

factors like the inter-atomic separation, nature of the overlapping orbitals, etc. The

magnetic exchanges represented by the above equations are called direct exchanges,

where the respective orbitals having unpaired electrons interact directly and these

exchanges are observed in metals, alloys etc. For a two electron case, the energy of

singlet state is given as [Sma66];
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ES = E◦+
∫

ψ∗i (1)ψ∗j (2)
e2

r12

ψi(1)ψj(2) dτ +

∫
ψ∗i (1)ψ∗j (2)

e2

r12

ψi(2)ψj(1) dτ (1.20)

Similarly, the energy of triplet state is expressed as

ET = E◦+
∫

ψ∗i (1)ψ∗j (2)
e2

r12

ψi(1)ψj(2) dτ−
∫

ψ∗i (1)ψ∗j (2)
e2

r12

ψi(2)ψj(1) dτ (1.21)

Where, asterisk mark indicates complex conjugate of the function, E◦ is the energy of

two electron system in the absence of electron-electron interactions , e is the charge of

electron, r12 is the separation of the two electrons and dτ is the integral over the co-

ordinate space. The first integral on right hand side of the above equations represents

coulomb interaction and the second integral gives exchange interaction, usually ab-

breviated as Jij. A positive Jij results in ferromagnetic exchange and a negative value

results in antiferromagnetic exchange. For a many electron system, the exchange is

represented by a generalized form, called Heisenberg exchange Hamiltonian,

Hex = −
∑
ij

JijSi · Sj (1.22)

where, Jij is the effective exchange integral between atoms i and j having total

spin Si and Sj, respectively. The above expression is a starting point for several

theoretical models of magnetism, which will not be discussed here. Nevertheless, in

the compounds where the magnetic atoms are interspaced by ‘non magnetic’ anions,

the orbitals of unpaired electrons can not interact directly, and then the indirect

exchanges have to be considered.

Magnetic Superexchanges

In metal oxides, magnetic cations are intervened by oxygen ions, and therefore direct

exchanges are impossible. There are several types of indirect coupling methods for

magnetic moments, but the one which is relevant to perovskite manganates is the
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Figure 1.5: (a) orthogonality of eg and pπ orbitals, (b) orthogonality of t2g and pσ
orbitals, (c) both eg half filled, (d) one half filled and the other empty, (e) both eg

empty.

180◦ cation-oxygen-cation superexchange. Here, anion orbitals mediate the exchange

and cation-anion-cation bond angle is supposedly 180◦, and hence the name. In

superexchange, some sort of excited state is formed by the transfer of one p electron

of O−2 to the d orbital of one of the neighbouring cations [And50]. This makes

the oxygen ion paramagnetic and can take part in magnetic interaction. Depending

upon the nature of eg orbitals (considering an octahedral crystal field) of cations,

the coupling results in different types of magnetic ordering, e.g. if both eg orbitals

are half-filled, then antiferromagnetic alignment and if one is empty with the other

half-filled, then ferromagnetic alignment results [Goo63]. The underlying principles

of these phenomenon are Pauli principle and Hund’s rule.

The situations in which ferromagnetic or antiferromagnetic ordering occurs by

superexchange is illustrated in Figure 1.5. Here, metal cations are considered in

the octahedral interstices, in accordance with perovskite manganates. Figure 1.5(a)
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and (b) depict the orthogonality between cation eg and anion pπ orbitals and cation

t2g and anion pσ orbitals, respectively. Therefore, two types of electron transfer or

partial covalence (two bonds with three electrons) are possible, viz. between eg and

pσ orbitals, known as σ transfer and between t2g and pπ orbitals, called π transfer.

Since the predominant contribution to superexchange comes from the covalency of

σ bonds, the more ionic the bonds, the weaker the 180◦ superexchange. The major

electronic effects controlling superexchange are correlation effect, which takes care

of the simultaneous partial covalent bond formation on each side of the anion and

delocalization effect, which considers the transfer of electron from one cation to the

other through the anion. The delocalization effect depends sensitively on the extent

of overlap of orbitals.

In the case represented in Figure 1.5(c), both the cation’s eg orbitals are half

filled, so that the anion electrons of antiparallel spin to the cation spins couple on

both sides. This results in strong antiferromagnetic interaction between the cations.

Similarly, in the second situation as given in Figure 1.5(d), where one eg is half

filled and the other is empty, the anion electron couples parallel to the spin of the

cation with empty orbital and antiparallel to the half filled cation. This results in

moderate ferromagnetic interaction. In the third type as shown in Figure 1.5(e),

there is no delocalization effect from σ transfer, but the correlation effect gives weak

antiferromagnetic coupling similar to the first case. In all the above three cases, the

π transfer adds a weak antiferromagnetic component, because of the half filled nature

of t2g orbitals. Similar superexchanges incorporating more than half filled orbitals are

considerably weaker and may result in antiferromagnetic interaction.

It is necessary to understand the temperature and field dependence of magneti-

zation of a ferromagnetic system. When a ferromagnet is cooled below its Tc, in the

absence of an applied field, there develops a magnetization by the exchange coupling,

called, spontaneous magnetization, Ms. Nevertheless, the material as a whole will be
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unmagnetized because it will be split into several small regions of ferromagnetism,

called domains, that are oriented in different directions such that their magnetization

vectors cancel altogether. Domains are formed to minimize the magnetostatic energy

due to the separation of magnetic poles. So the role of an applied magnetic field is to

convert a multi-domain specimen to single-domain state, magnetized in the direction

of the applied field. The nature of this field dependence is mainly controlled by mag-

netic anisotropy, which encourages the magnetization only in particular directions in

the crystal, and also by exchange energies.

The spontaneous magnetization, Ms, of a ferromagnetic specimen is equal to the

saturation magnetization M◦ at T = 0 K. Using Brillouin function (Equation 1.15),

in the absence of an applied field, the magnetization behaviour below Tc can be

understood from a plot of Ms/M◦ verses T/Tc, known as reduced-scale plot, for dif-

ferent total angular momentum values (J). Below Tc, applied field has not much

effect on the spontaneous magnetization. Above Tc, the long-range ordering of mo-

ments collapses, but due to the persistence of short-range ordering, a deviation from

the paramagnetic Curie-Weiss law is observed up to a certain higher temperatures.

Therefore the straight line fit to the inverse-susceptibility intersects the abscissa at

a higher temperature than Tc, called the paramagnetic curie temperature, θp, rather

than weiss constant.

1.4 Magnetic and structural properties of Mn-site

substituted LaMnO3.

As already mentioned, the observation of Colossal Magnetoresistance (CMR), gave

momentum to the studies on manganates from early nineties [Jin94] and the CMR

effect still remains incompletely explained. CMR is the influence of a magnetic tran-

sition on the electronic conduction and is a superlative of Giant Magnetoresistance
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(GMR). GMR is observed in the case of ferromagnetic/nonmagnetic multi-layers af-

ter switching on an external magnetic field and the read heads of modern computers

make use of this effect. GMR effect is achieved by introducing interfaces in spin-

polarized conductors and is restricted below the ferromagnetic ordering temperature,

Tc. Whereas, CMR is a bulk property which originates from magnetic ordering and

is usually confined to the vicinity of Tc. Unlike GMR, spin-polarized charge carriers

and multi-layer geometry are not required for CMR, which makes it a highly tractable

phenomenon for device manufacture.

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

(D = Ca, Sr, etc.), usually exhibit CMR (oxygen content of these compounds can

be non-stoichiometric, varying by an amount, δ moles). The magnetic, transport,

and structural properties of such La-site substituted compounds have been studied

extensively, for the CMR effect [Col98, Coe99, Col00]. But it is interesting to note

that all these effects, after La-site substitution, are derived directly or indirectly from

the structural-electronic changes of the Mn ions. This underpins the importance of

studying the effects of direct substitution of Mn ion by other suitable ions. Also, if

one wants to study the CMR effect as a function of Mn+4 or Mn+3 content, without

affecting the pristine crystal structure, Mn-site substitution is the only solution. This

is because, there are relatively large number of metal ions available for substituting

Mn, with suitable ionic size or ionic charge or electronic structure. La-site substi-

tution, even if by a trivalent ion, increases the structural distortion since La is the

largest trivalent ion with nine or more than ninefold coordination (Bi+3 reported to

have a maximum coordination of eight and is slightly larger than the eight coordi-

nated La+3) [Sha76]. Similarly, divalent ion substitution in the La-site also affects

the crystal structure, in addition of changes in Mn+4 and Mn+3 content.

One more class of substituted manganates are also being investigated, which is

represented as La1−xDxMn1−yMyO3±δ, where M is a smaller ion like transition metal
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ions. These types of studies are aimed to explore the special type of ferromagnetic

exchange called Double Exchange (DE) between Mn+4 and Mn+3 ions in systems

without the complete ordering of these two types of ions [Zen51]. However, such

substitutions destroy ferromagnetism of La1−xDxMnO3 due to the suppression of DE

[Ahn96, Li99]. In DE, unlike in superexchange, a real transfer of electron occurs from

the partially filled eg orbital of Mn+3 to the empty eg orbital of Mn+4, through the

intervening oxygen ion. DE results in the initial and final states of the same energy.

During DE, the spin of the hopping electron is kept intact via Hund’s rule coupling.

All these salient features of the DE were believed to be the reason for metallic con-

ductivity and CMR effect of La1−xDxMnO3±δ compounds below the ferromagnetic

transition temperature.

But later, DE was found to be insufficient to explain the high resistivity of the

substituted systems, with low amounts of divalent cation, above the ferromagnetic

transition temperature [Mil95]. This triggered off the studies of other electronic effects

like Dynamic Jahn-Teller effect, in these systems. Thus the systems with substitution

only at Mn-site, with general formula LaMn1−xMxO3±δ, became more relevant. This

is also because of the possibility of avoiding a DE background, so that the changes

in the superexchange interaction and Static Jahn-Teller effect in the parent LaMnO3

can be studied without much complications.

It is a fact that in perovskite oxides, ABO3, ferromagnetism is observed only

when the B-ions are not all alike. i.e., ferromagnetism originates in these class of

compounds, if and only if the B ions are different either in their valency or atomic

number (except BiMnO3). This is again a testimony to the importance of Mn-site

substitution studies. However, unlike the substitution of La by a divalent ion, the

possibility of variable valency for the Mn-site substituted ions makes this system more

challenging. The effects of these types of substitutions can be due to three factors;

1. Ionic size.
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2. Ionic charge.

3. Electronic structure of the substituent ion.

where, ionic size and ionic charge effects predominantly determine the crystal struc-

ture of the new compound. These factors also decide whether the substituent atom

occupies Mn-site in an ordered fashion or not. When the Mn and M ions order in

the B-site of the perovskite lattice, a cooperative structural change is expected along

with the changes in the properties. On the other hand, random occupancy of M

ions in the lattice affects the physical properties much faster than the crystal struc-

ture. In the case of electronic effects, the ions can be grouped into, those having

unpaired d-electrons, with dn electronic configuration and those with full or empty d

orbitals, represented as d10 or d0. In principle, only the former group can take part in

magnetic exchange interactions and can be called “magnetic”. The other important

aspect, generally applicable to all materials, is the methods of synthesis and process-

ing conditions of the compounds. Formation of metastable phases and coexistence of

more than one phases are some of the issues of this aspect.

1.4.1 The parent compound, LaMnO3±δ.

As discussed in Section 1.2.1, ionic size mismatch tilts the MnO6 octahedra and

thereby bypasses the “internal pressure”, giving rise to orthorhombic crystal struc-

ture for stoichiometric LaMnO3 (Mn-O-Mn bond angle = 157◦) [Ter00]. Since Mn+4

can reduce the average Mn-site ionic size, the usual observation of Mn+4 content in

LaMnO3 can be argued to be for the purpose of reducing this internal pressure, per-

sisting even after tilting of MnO6 octahedra. This argument is corroborated by the

observation of decrease in Mn+4 content abruptly, when Mn in LaMnO3 is substituted

by smaller ions like, Al+3 [Kri00b], Co+3 [Elf00], etc. The additional charge due to

Mn+4 in LaMnO3 is supposedly compensated by an excess of oxygen. In fact there is
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no provision for accommodating excess oxygen in the perovskite structure. Therefore

this actually corresponds to the cation deficiency and represented as La1−xMn1−yO3.

In literature, oxygen non-stoichiometry is generally expressed as LaMnO3±δ, where

positive δ indicates the “excess” and negative gives “deficiency” of oxygen. But oxy-

gen deficient compounds are hardly reported, apparently because of the difficulty to

compensate the charge by forming the bigger Mn+2 ions.

As discussed in Section 1.2.2, 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 [Mit00]. 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 range 0 < δ ≤ 0.06 of non-stoichiometric LaMnO3+δ, O′-orthorhombic

structure persists at room temperature [Top97a]. The compound have ferromagnetic

clusters rich in Mn+4 in an antiferromagnetic matrix, in this case. Therefore, the mag-

netic coupling between clusters and matrix, below 135 K, may create spin-frustration

and a Spin-Glass behaviour can be resulted. The spin-glass state occurs when the

magnetic moments are frozen randomly, before they reaches the ground state orien-

tation [Zho01]. With higher δ, 0.10 < δ ≤ 0.18, the room temperature structure

is rhombohedral (the lower δ region transforms to O-orthorhombic structure below

room temperature), which is less distorted compared to the O′-orthorhombic one.

Since O-orthorhombic and rhombohedral structures do not support static coopera-

tive Jahn-Teller distortions, Mn+3-O-Mn+3 exchange interactions become isotropic

and ferromagnetic, in addition to the Mn+3-O-Mn+4 ferromagnetic exchanges. Con-
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sequently, the matrix as such becomes ferromagnetic. The Mn+3-O-Mn+4 exchange

can be a superexchange, if the charge transfer is slow or a DE, if it is fast relative

to the period of oxygen atom vibration along the Mn-O-Mn bond axis. The former

results in the formation of polaron, which is the localized charge carrier by the vibra-

tion of oxygen atom. Thus, antiferromagnetic insulator, LaMnO3, eventually become

ferromagnetic and conducting with increasing Mn+4. For δ ≥ 0.14, the transport is

mainly by DE coupling below Tc [Top97a].

Here, the studies on Mn-site substitution is reexamined on the basis of the ar-

gument that the internal pressure increases if the average size of the Mn-site ions

increases after substitution into Mn-site of LaMnO3. Such an increase in internal

pressure will be either accommodated by worsening the structural distortion, or may

result in the collapse of perovskite lattice. The former situation may lead to a struc-

tural transition from rhombohedral to orthorhombic, or an increase in orthorhombic

distortion of the parent LaMnO3 and the latter may result in the formation of hexag-

onal phases.

1.4.2 d0, d10- substituents

The substituent ions with empty or full d orbitals as well as those do not have d

orbitals, are included in this category. The electronic configuration and effective six

coordination ionic radii [Sha76] of the various reported non-magnetic substituents are

given in Table 1.1. The dopant ions are grouped into two, with reference to the ionic

radius of high-spin (HS) Mn+3. On the basis of ionic size considerations, those ions

having ionic size greater than the high-spin (HS) Mn+3 are expected to destabilize

the parent structure. However, mono and divalent substituents may oxidize Mn+3,

reducing the average Mn-site ionic radii. Such ions may reduce the internal pressure,

irrespective of being bigger than Mn+3.

In principle, these ions can not directly take part in the magnetic exchanges.
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Table 1.1: The ionic radii in Å and electronic configurations of the d0, d10-substituents.

Mn+3 = 0.645 Å, S = 2, t32ge
1
g, and Mn+4 = 0.530 Å, S = 3/2, t32ge

0
g

Substituent Larger than Mn+3 Smaller than Mn+3

Monovalent Li+1, 1s2 Na+1, 2p6

Å 0.76 1.02
Divalent Mg+2, 2p6 Zn+2, 3d10

Å 0.720 0.740
Trivalent Sc+3, 3p6 Ga+3, 3d10 Al+3, 2p6

Å 0.745 0.620 0.535
Tetravalent Sn+4, 4d10 Ti+4, 3p6

Å 0.690 0.605

Nevertheless, they can affect the magnetism and crystal structure of the parent phase

through the size effect. That is, depending upon the size of the substituent ion, Mn-

O-Mn bond angle may change, which in turn affects the strength of the superexchange

interactions. Similarly, if there is a considerable difference in either the ionic sizes

or the ionic charges of Mn and the substituent ions, they may order in the B-site

of the perovskite lattice, in order to minimize the elastic or electrostatic energies

respectively. Conversely, if both ionic sizes and charges are similar, they may not

show any site preference, resulting in a random distribution of ions. Fortunately,

there is little room for ambiguity about the spin-states of the non-magnetic ions.

Li+1 substitution

Synthesis of the LaMn1−xLixO3 compounds by conventional solid-state method re-

sults in LiMn2O4 instead of the perovskite phase [Gon01]. Different methods like,

using flux, wet-chemical method, etc. have been used for synthesis of these com-

pounds and the annealing temperature used is in the range of 1100-1300 ◦C. All the

reports show that a rhombohedral structure results with the increase in Li content

[Kut00, Gon01, Heb02a]. At very low concentrations of Li, a positive δ is observed in

LaMn1−xLixO3+δ, which decreases quickly with increasing Li content. Even though
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Li+1 substitution generates Mn+4, the magnetic and transport properties are quite

different from that of La1−xDxMnO3 containing same amount of Mn+4, i.e. mostly

these compositions are insulating spin-glasses, due to the formation of small ferro-

magnetic clusters.

In Li+1 substitution, charge compensation requires the oxidation of twice the

amount Mn+3 to Mn+4 for each Li+1. This limits the maximum amount of Li+1,

which can be incorporated into the lattice, as equal to 33%. But, there are no studies

to prove this limit and being a lighter element there are lack of neutron diffraction

studies. The observation of rhombohedral structure and decrease in δ are suggestive

of a relief in internal pressure with Li substitution.

Na+1 substitution

LaMn1−xNaxO3 compositions have been synthesized from NaOH melt, at lower pro-

cessing temperatures, because usual solid-state route results in alkali-metal evapora-

tion [Was97, Was00]. The nominal composition, LaMn0.8Na0.2O3, is reported to be

of orthorhombic perovskite structure [Was00]. An increase in the lattice parameters

after substitution is suggested as the proof for Na incorporation into the Mn-site.

A weak and broad ferromagnetic transition, incipient around 300 K, is observed in

LaMn0.8Na0.2O3, measured at 10 kOe.

Unlike Li+1 substitution, the net effect of Na+1 substitution is structural insta-

bility, since the average Mn-site ionic size increases from that of LaMnO3. And an

increase in cell parameters occurs even if Na occupies the La-site (radius of nine co-

ordinated Na+1 = 1.24 Å, and that of La+3 = 1.216 Å). Therefore, the structural

analysis is not fully convincing. Adding to this doubt, powder XRD studies showed

the presence of La(OH)3, which can be attributed to the presence of excessive vacancy

in Mn-site, when Na is not incorporated.
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Mg+2 substitution

The LaMn1−xMgxO3+δ (0.05 ≤ x ≤ 0.4) compositions synthesized by wet chemical

method show O-orthorhombic perovskite structure [Kut00]. An increase in Tc, up to

20% Mg substitution is observed and δ decreases with increase in the Mg content.

Mg+2 produces an equal amount of Mn+4 in order to neutralize the charge. This

may lead to a structural stabilization, by the reduction in average Mn-site ionic size,

irrespective of the larger size of Mg+2. The reduction in orthorhombic distortion

(with c/a >
√

2), and δ supports the relief in internal pressure. A maximum of 50%

of divalent ion substitution is only possible in Mn-site, due to the restriction from

charge neutralization.

Zn+2 substitution

Different reports say that, LaMn1−xZnxO3, prepared by ceramic method, is orthorhom-

bic in the Mn-rich region [Heb02a, Hu03]. But, the reports on the magnetic properties

of LaMn1−xZnxO3 contradict each other; Tc increases up to x = 0.15 and then de-

creases for x = 0.2 [Heb02a], whereas Tc decreases continuously with increase in x in

the latter case [Hu03]. The continuous decrease in Tc with increasing x is interpreted

as due to ferromagnetic cluster formation [Hu03]. And the initial increase in Tc with

increasing x, in the other report, [Heb02a], is attributed to the destruction of orbital

ordering of LaMnO3 by Zn substitution.

The difference in the above reports may be coming from the difference in oxygen

stoichiometry. Here, a slight stabilization of structure can be expected, due to a small

decrease in average Mn-site ionic size after Zn incorporation.



Introduction 35

Sc+3 substitution

In LaMn1−xScxO3, O′-orthorhombic structure is retained till x = 0.75 and the O-

orthorhombic structure results for x > 0.75 concomitant with the collapse of orbital

ordering of the parent compound [Goo02]. Sc+3 is considered to occupy randomly

in the Mn-site. A ferromagnetic behaviour is observed only for 0.75 < x ≤ 0.8, and

the lower concentrations of Sc results in canted spin antiferromagnetism or spin-glass

nature.

The larger size and isovalent nature of Sc+3 is expected to increases the structural

distortion slightly. Ferromagnetism is obtained from Mn+3-O-Mn+3 isotropic superex-

changes, after the destruction of orbital ordering in LaMnO3 by Sc substitution. Also,

for trivalent ions such as Sc+3, there is no limit for the amount of substitution, set

by charge neutralization criterion.

Ga+3 substitution

All the reports on LaMn1−xGaxO3 show that the O′-orthorhombic structure is re-

tained up to x = 0.5 [Goo61, Top97b, Cus01, Zho01, Heb02a, Ver02]. This is inter-

preted as the persistence of orbital ordering in the (001) planes, similar to the case of

LaMnO3. Generally, on Ga substitution, the collapse of orbital ordering commences

for x = 0.2-0.3 compositional range, and simultaneously the compounds transform

from spin-glass or canted spin-state to ferromagnetic state [Goo61, Top97b, Zho01,

Heb02a, Ver02]. The isotropic Mn+3-O-Mn+3 superexchange is suggested as the origin

of ferromagnetism in these compounds. The magnetization values show an increasing

trend with increasing x, at least up to 50% of Ga. At the same time, the magnetic

ordering temperatures decreases with increasing x, especially in the orbital ordered

compositions. There is no agreement among the reports on the composition up to

which LaMn1−xGaxO3 is ferromagnetic.
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Ga+3 is of slightly smaller, but of comparable size as that of Mn+3. So, it is

expected to stabilize the structure and occupy randomly in the B-site. On the con-

trary to the expectation, it was found to order in the alternate (001) planes. The

driving force for this anomalous behaviour is suggested as the relief in elastic energy

associated with the commencement of static orbital ordering in the O′-orthorhombic

structure [Goo61]. Also, Ga+3 is more efficient than Sc+3, in destroying the orbital

ordering, most likely because of its stronger octahedral site preference, owing to its

smaller size than that of Sc+3.

Al+3 substitution

In the first report, LaMn1−xAlxO3 is interpreted to have a monoclinic structure

[Jon56], whereas the recent report shows O-orthorhombic structure, in the 0 ≤ x ≤ 0.2

range [Goo02]. Studies indicate a rapid decrease in the Mn+4 content with the in-

crease in Al content [Kri00a, Kri00b]. There is a second magnetic transition observed

below Tc, in the range 0.075 ≤ x ≤ 0.2, which shows frequency and field dependence.

This behaviour is hypothesized as from the dynamics of the smaller ferromagnetic

clusters arising from random occupancy of Al.

Al+3 is having almost the same size as that of Mn+4, and is expected to stabilize

the system considerably, in addition to the destruction of static Jahn-Teller distortion.

However Al+3, being a smaller ion, have a tetrahedral site preference than the required

octahedral site. Therefore Al+3 offers a little effort to destroy the cooperative orbital

ordering and this is the reason for the absence of ferromagnetic long-range ordering

in LaMn1−xAlxO3.

Sn+4 substitution

Studies on low-temperature synthesized LaMn1−xSnxO3 (0 ≤ x ≤ 0.1) report rhom-

bohedral structure for all compositions [Mor01] and SnO2 impurity is detected for
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x ≥ 0.15 [Mor02a]. Also, an oxygen excess of considerable amount (δ = 0.18) is

reported by the same authors [Mor02b]. The magnetization is found to decrease with

the Sn content and is interpreted on the basis of superparamagnetic clusters separated

by Sn-rich regions.

Charge neutralization is the key issue about tetravalent ion incorporation. In order

to neutralize the charge, either Sn+4 should reduce Mn+3 to a bigger Mn+2 or create

cation vacancies. The first possibility is excluded, since Mn+2 is hardly observed

in the lanthanum manganates, probably due to its larger size. The remaining way

is cation vacancy formation proportional to the tetravalent ion content. But, there

is a limit for the extent of cation vacancy that can be tolerated by the perovskite

and also it is not as simple as in the case of Mn+4 formation, where Mn+4 can be

formed near the vacancy by a charge redistribution. Moreover, a decrease in Mn+4

concentration may also be considered as a means for charge neutralization in the cases

of tetravalent ion substitution. Irrespective of all the above arguments, Sn+4 in the

Mn-site is supposed to destabilize the system due to its slightly larger size. Thus,

even the 10% substitution of Sn into LaMnO3 is doubtful.

Ti+4 substitution

The LaMn1−xTixO3 compositions are reported to have orthorhombic structure for

x ≤ 0.07, and impurity phases appear for higher concentrations of Ti [Jun97]. A

decreasing Mn+4 content with increasing x is observed in this case. Similarly, an

x = 0.05 composition prepared by a wet-chemical method also shows orthorhombic

structure, but with high amount of Mn+4 [Kut00]. Another report shows that the

structure is rhombohedral for 0 ≤ x ≤ 0.2 [Sah03]. The magnetic moment and Tc are

found to decrease with increasing Ti concentration. From the studies on frequency-

dependence of magnetization, it is confirmed that x = 0.2, is a reentrant spin-glass

(RSG), with the simultaneous presence of Tc and a frequency-dependent peak below
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Tc [Won85]. This RSG behaviour originates when the longitudinal spin components

(in the direction of the field) order at Tc, but the transverse components are random

at Tc and freeze only at a lower temperature, Tf .

Even though Ti is in the tetravalent state, making it difficult to neutralize the

charge after substituting for Mn in LaMnO3, its size is in between that of Mn+4 and

Mn+3. So, ionic size does not create any threat to the structural stability in Mn-

site substitution. To some extent, a decreasing Mn+4 content, as in the case of first

report [Jun97], is supportive of Ti+4 incorporation. Observation of impurity phases,

even for relatively lower concentrations of Ti, casts doubt on the phase purity of

LaMn1−xTixO3 samples.

1.4.3 dn- substituents

The substituent ions with partly filled d orbitals are included in this category. The

effective ionic radii of the substituent ions in six coordination [Sha76] and the elec-

tronic configurations corresponding to their relevant spin-states are given in Table 1.2.

Here, most of the ions are reported to have more than one spin-state in the substituted

perovskite manganates. The oxidation states of more than three for the substituent

ions are excluded from the discussion, as there are no reports. This is not surpris-

ing because, in the case of tetravalent ion substitution, charge balancing require the

formation of larger Mn+2 ions. This aggravates the internal pressure and destabilizes

the perovskite structure.

V substitution

LaMn1−xVxO3±δ (0.1 ≤ x ≤ 0.9), synthesized in vacuum, shows orthorhombic struc-

ture [Tep00a] and the oxygen excess decreases with increase in x [Tep00b]. The double

perovskite composition, La2MnVO6, prepared by arc-melting method, is reported to

show cubic structure, with partial ordering of ions [And02]. None of the compositions
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Table 1.2: The ionic radii in Å , and electronic configurations of the dn-substituents.

Mn+3, 0.645 Å, S = 2, t32ge
1
g

Substituent Larger than Mn+3 Smaller than Mn+3

Divalent V, 3d3 Cr, 3d4 Fe, 3d6

Å 0.79 0.73(LS), 0.80(HS) 0.61(LS)
Fe, 3d6 Co, 3d7

Å 0.780(HS) 0.65(LS), 0.745(HS)
Ni, 3d8 Cu 3d9

Å 0.690 0.73
Trivalent Rh, 4d6 Ru, 4d5 V, 3d2 Fe, 3d5

Å 0.665 0.68 0.640 0.55(LS), 0.645(HS)
Ir, 5d6 Cr, 3d3 Co, 3d6

Å 0.68 0.615 0.545(LS), 0.61(HS)
Ni, 3d7

Å 0.56(LS), 0.60(HS)
Tetravalent Mn, 3d3 Rh, 4d5

Å 0.530 0.60
Ir, 5d5 Ru, 4d4

Å 0.625 0.620
Pentavalent Ru, 4d3 Rh, 4d4

Å 0.565 0.55
Ir, 5d4

Å 0.57

of this system shows long-range ferromagnetism, but a spin-glass behaviour coexisting

with short-range magnetic order is reported.

All the above reports indicate that V ion is trivalent in the substituted man-

ganates. The V+3 ion is slightly smaller than Mn+3, which may help to reduce the

internal pressure. Similarly, a destruction of the orbital ordering by the random oc-

cupancy of V ions can produce isotropic Mn+3-O-Mn+3 exchange, in addition to the

possible positive Mn+3-O-V+3 superexchange [Goo63]. This may be the origin of

short-range ferromagnetism in the above compositions.
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Cr substitution

Even though the earlier reports on LaMn1−xCrxO3 showed a monoclinic structure

for Mn-rich (especially for x around 0.3) compositions [Jon56, Ben57], most of the

recent studies indicate a rhombohedral crystal structure in this region [Hro97, Tag99,

Zha00, Elf00, Sun01]. However, O′-orthorhombic structure is also reported for this

compositional region [Gun96, Dei02]. For higher concentrations of Cr, an orthorhom-

bic structure is reported mostly [Ben57, Hro97, Tag99, Elf00, Sun01, Dei02]. Also,

around x = 0.5, a mixed phase region is shown to exist [Hro97].

All the above reports on LaMn1−xCrxO3 agree with a trivalent ground state for

the Cr ion. Majority of the reports indicate that LaMn1−xCrxO3 compositions are

ferromagnetic at lower concentrations of Cr, with decreasing ordering temperature

as x increases [Gun96, Sun01]. Concomitantly, the Weiss constant, Θ, also decreases

from positive value and become negative [Jon56, Tag99]. Whereas, for the interme-

diate compositions, different magnetic behaviours are reported, viz. ferromagnetic

cluster formation [Gun96, Sun01], ferrimagnetic behaviour [Ben57, Yan00b], etc.

The significance of Cr+3 is attributed to its similarity in electronic configuration

with Mn+4 and therefore the possibility for a Mn+3-O-Cr+3 ‘double exchange’ (DE)

[Zha00, Sun01]. But the possibility for a DE is excluded by many researchers for the

following reasons; First of all, Cr+3 is not as small as Mn+4, and thus, the structural

stabilization is relatively less. Second reason is that, once a specific composition is

prepared, Cr+3 ionic distribution is fixed, where as Mn+4 distribution may change by

electron transfer. The third reason is that, unlike Mn+3-O-Mn+4, the initial and final

states are not identical for Mn+3-O-Cr+3 after exchange. However, a positive Mn+3-

O-Cr+3 superexchange [Goo63] and isotropic Mn+3-O-Mn+3 exchange may generate

ferromagnetism in LaMn1−xCrxO3. The report indicating a constant amount, 28%,

of Mn+4, in the range 0 ≤ x ≤ 0.6 gives evidence for the fact that the tendency

LaMnO3 to form excess Mn+4 is for the purpose of reduction of the internal pressure
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due to ionic size mismatch [Elf00]. That is, here the average ionic radius of Mn-site

ions remains almost constant after Cr+3 incorporation and thus has a constant Mn+4

content.

It is interesting to note that all the reports on Cr+3 substitution, in a broad

sense, agree with the building up of antiparallel alignment of magnetic moments.

This is evident from the decreasing ordering temperature and Θ values, with x. This

can be due to an opposite alignment of moments through Mn+3-O-Cr+3 exchange

[Ben57, Yan00b, Dei02], instead of the predicted ferromagnetic exchange [Goo63].

Moreover, the building up of antiferromagnetic Cr+3-O-Cr+3 exchanges also prevent

ferromagnetic interactions, as evident from the studies on a thin film sample [Tan99].

Neutron diffraction study, confirming that the G-type antiferromagnetic structure of

LaCrO3 persists up to 60% of Mn+3 [Ben57], supports the antiparallel ordering of

magnetic moments.

Fe substitution

LaMn1−xFexO3 compositions are reported to show an orthorhombic structure for Fe-

rich samples [Gil57, Wu94] and monoclinic structure for 0 ≤ x ≤ 0.1 [Miw00]. In the

lower concentration range of x in LaMn1−xFexO3, a parallel alignment of magnetic

moments are not obtained [Miw00, Oda02]. And the magnetic ordering temperature

decreases and the magnetic transition broadens to a wide temperature range, as x

increases. A thin film LaMn0.5Fe0.5O3, prepared by laser molecular beam epitaxy with

the 1/1 stacking periodicity of LaMnO3/LaFeO3, gave ferromagnetic ordering only

in the <111> superlattice [Tan99, Ued99]. This is explained as due to the fact that

a maximum number of Fe-Mn interactions are possible only in <111> superlattice.

Similarly, a thin film sample of x = 0.5, prepared from bulk LaMn0.5Fe0.5O3 target,

is also reported to be ferromagnetic [Ued01].

All the above reports on LaMn1−xFexO3 compositions indicate a trivalent high-
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spin (HS) state for Fe, when substituted in perovskite manganates. Fe+3 (HS) has

the same ionic size as that of Mn+3, giving the possibility for a random occupancy

of Fe+3 and thereby increasing the probability of Fe+3-O-Fe+3 antiferromagnetic ex-

change interactions. Nevertheless, the structural stress associated with static Jahn-

Teller distortion may be relieved by this substitution. Mn+3-O-Fe+3 (HS) exchange

is predicted to be strongly ferromagnetic [Goo63]. The influence of antiferromagnetic

Fe+3-O-Fe+3 exchange on the above ferromagnetic exchange and the random occu-

pancy of Fe+3 in the Mn-site of the manganate are evident from the studies on a

thin film sample of LaMn0.5Fe0.5O3, where Mn and Fe ions are found to be ordered

to a considerable extent [Tan99, Ued99, Ued01]. In the bulk samples, the random

occupancy of Fe destroys a long-range ferromagnetic ordering.

Co substitution

Almost all the structural reports on LaMn1−xCoxO3 show a rhombohedral perovskite

structure for the Co-rich (x > 0.5) compositions [Jon66, Nar85, Jia94, Wu94, Aru00,

Elf00]. Similarly, an orthorhombic structure is proposed for Mn-rich compositions

(0.1 ≤ x ≤ 0.4) [Gil57, Nar85, Elf00], in addition to pseudocubic structures [Jon66,

Aru00]. For x = 0.5 composition, earlier reports indicated cubic [Nar85, Tro97] or

rhombohedral [Bar02] perovskite structures, but recent neutron [Bul01, Bul03], and

x-ray diffraction [Das03] studies show that a monoclinic structure, which permits ion

ordering in the Mn-site, is the best suiting structure for x = 0.5. Nevertheless, there

are reports on the existence of more than one crystallographic phases for compositions

near to x = 0.5 [Goo61, Kyo03].

The reports in the literature about the spin-states of Co and Mn are contra-

dicting to each other. Majority of the reports indicate a Co+2 ground state for Co

in LaMn1−xCoxO3 compositions [Bla65, Jon66, Nar85, Nis95, Par97, Par99, Aru00,

Tro00, Bul01, Bar02, Heb02a, Bul03, Das03, Kyo03]. But there are several reports,
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which show a low-spin Co+3 [Goo61, Dey67, Elf00, Tan02], mixture of low-spin and

high-spin Co+3 [Jia94], mixture of Co+2 and intermediate-spin Co+3 [Van99, Tro97],

as the spin-state of Co after substitution into LaMnO3. In the reports, where the

Co+2 is given as the ground state of Co, the charge neutralization requires the pres-

ence of all the three ions, viz. Mn+4, Mn+3 and Co+2 in the Mn-rich region. Due to

the same reason, the Co-rich region should have Mn+4, Co+3 and Co+2, i.e. a perfect

Mn+4/Co+2 state is possible only for the x = 0.5 composition. There are reports

indicating that the amount of Mn+4 or Co+2 ions depends on the heat treatment con-

ditions, e.g. quenched sample has higher amount of trivalent Co/Mn ions than the

annealed ones [Jon66, Das03, Kyo03]. The fact that, the conversion of low-spin Co+3

to high-spin state requires only 10 meV energy, makes situation more complicated

[Jon66]. Therefore, the differences in the reports on the spin-states of Co may be due

to the variation in the heat treatment conditions of the compositions.

All the reports agree to the point that the magnetic transition temperature in-

creases at least up to x = 0.5, with the increase in x [Jon66, Heb02a]. Beyond this con-

centration of Co, the reports contradict on the composition up to which this series is

ferromagnetic. Depending on the spin-states, there are three positive superexchanges

reported for the ferromagnetic behaviour of LaMn1−xCoxO3, viz. Mn+3-O-Mn+3,

Mn+4-O-Mn+3, and Mn+4-O-Co+2. A double exchange mechanism is also suggested

for the origin of the magnetic properties [Par97, Par99].

The composition x = 0.5 is the most studied composition of LaMn1−xCoxO3. The

interest in this composition originates from the observations of mixed crystallographic

and magnetic phases around this composition [Goo61, Tro00, Das03, Kyo03]. These

phases are explained to be formed due to the changes in the spin-states of Mn and Co

depending upon the heat treatment history. In some of the reports a low-temperature

anomaly is observed, below the Tc of the x = 0.5 composition. This anomalous

magnetic transition, which shows frequency dependence, is interpreted as due to the
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dynamic oscillations of pinned domain wall [Mah03] or lack of long-range Mn/Co

order [Kyo04].

Co substitution is one of the most studied among all Mn-site substitutions. The

interest in this substitution stem from the continuously increasing magnetic transi-

tion temperature up to 50% of Co in LaMnO3. On the other hand, for most of the

substituents, except Ni, the magnetic transition temperature decreases with increas-

ing substituent concentration. Moreover, the ambiguity in the spin-state of Co is

more than that found for any other Mn-site substituents, which also make the system

studied repeatedly. All trivalent Co ions (low-spin, intermediate-spin, and high-spin)

are of smaller size than Mn+3, but larger than Mn+4. Also, the low-spin Co+3 is the

smallest among these ions and its size is close to that of Mn+4. Co+2 of high-spin

as well as low-spin state are larger than Mn+3, but they reduce the average Mn-site

ionic size and therefore may relieve internal pressure. Similarly, a collapse of orbital

ordering by Co substitution also helps to induce ferromagnetism in LaMnO3. The

report about a quick decrease in the amount of Mn+4, with increasing x, may be

considered as the proof for the relief of internal pressure, present in LaMnO3, by Co

substitution [Elf00]. The formation of trivalent Co is opposed by the reports which

show that the reaction, Mn+4+ Co+2Mn+3+ Co+3, is biased to left by about 0.2

eV [Nar85, Par97, Par99, Das03]. But, as suggested by Jonker [Jon66], the trivalent

ion formation is possible if there is some kind of ordering between Mn and Co ions.

This argument is supported by the study on a thin film of x = 0.5, prepared by laser

molecular beam epitaxy, as a <001> superlattice with the 1/1 stacking periodicity of

LaMnO3/LaCoO3, which gave a Tc of 190 K [Tan99]. This indicate that an inter-layer

exchange between trivalent Mn and Co ions induces ferromagnetism in the LaMnO3

layer.
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Ni substitution

Most of the reports on LaMn1−xNixO3 show an orthorhombic structure for Mn-

rich compositions [Wol58, Wol59, Goo61, Heb02a, Min03, Bla02a, Bla02b]. The

Ni-rich compositions (x > 0.5) are reported to be unstable with a perovskite lat-

tice, especially when prepared by the ceramic method, and thus a mixed phase be-

haviour is observed in this region [Wol59, Goo61, Vas84, Vas89, Min03]. Neverthe-

less, the Ni-rich compositions are reported to be synthesized using low-temperature

methods. Such Ni-rich compositions are found to have a rhombohedral structure

[Vas84, Vas89, Bla01, Bla02a, Bla02b]. Similar to the case of Co substitution, here

also the x = 0.5 is found to have more than one crystallographic and magnetic phases.

There are reports on orthorhombic [Vas84, Vas89], rhombohedral [Tro97] and coex-

istence of both orthorhombic and rhombohedral phases [Bla02a, Bla02b], for this

composition, from x-ray diffraction studies. Whereas, more accurate analysis, using

neutron diffraction studies prove the existence of ion ordering in Mn-site of x = 0.5

composition. A monoclinic P21/n space group, which allows the ordering of ions, is

suggested for this compound [Bla02a, Bla02b, Bul03].

Different probable spin-states of the Mn and Ni ions are reported in the lit-

erature for the LaMn1−xNixO3 compositions. However, most of the reports show

Ni+2 as the ground state of Ni ion, in this series [Bla65, Fuj67, Asa79, Son92,

Tro97, Bla01, Bla02a, Bla02b, Heb02a, San02, Yam02]. Similarly, a trivalent low-

spin (LS) state is also reported [Wol58, Goo61, Sar94, Yan00a, Bul03, Min03]. At

the same time, some reports show that both trivalent and divalent states of Ni coex-

ist [Vas84, Vas89, San01]. Here, depending on the spin-states of ions, four different

types of positive exchanges are reported, viz. Mn+3-O-Mn+3, Mn+3-O-Ni+3, Mn+4-

O-Mn+3, and Mn+4-O-Ni+2. Even though the reaction Mn+3 + Ni+3 Mn+4 +

Ni+2 is naturally to be biased to the left hand side [Das03], depending upon the Mn

concentration, temperature and the degree of ionic ordering, this bias can change its
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direction [Vas84, Vas89]. This can be a possible reason for the observation of trivalent

ions when Ni is incorporated into LaMnO3.

In AC-susceptibility measurements of LaMn1−xNixO3, an additional transition is

observed below Tc [Bla01, Bla02a, Bla02b]. This anomalous cusp, observed at lower

temperatures, is attributed to the pinning of domain wall to the crystal defects, or to

the spin-glass nature.

In LaMn1−xNixO3, the ferromagnetic ordering temperature increases with x and

a maximum Tc is obtained for the x = 0.5 composition. Ni+2 (S = 1) is larger than

Mn+3, but it reduces the average Mn-site ionic size, in combination with Mn+4 and

may reduce the internal pressure present in LaMnO3. Whereas, trivalent ion can be

either in low-spin Jahn-Teller active state (S = 1/2) or high-spin state (S = 3/2).

Both the trivalent ions are smaller than Mn+3 and the stabilization can be more

for low-spin Ni+3, being the smallest. The stability of the perovskite structure of

Ni-rich compositions are doubtful, as many of the above reports on the structural

[Wol59, Goo61, Vas84, Vas89, Min03] and magnetic [Asa79] studies show a mixed

phase behaviour in this compositional region. Moreover, the local spin density calcu-

lations show that LaMn1−xNixO3 is ferromagnetic only in the range 0.25 ≤ x ≤ 0.5

[Yan00a]. Similarly a collapse of the orbital ordering, as evident from extended x-ray

absorption fine structure (EXAFS) spectra [San01], may also lead to the generation

of ferromagnetism. The studies showing that a thin film of x = 0.5 prepared by

laser molecular beam epitaxy as a <001> superlattice, with 1/1 stacking periodicity

of LaMnO3/LaNiO3, has the tendency to become ferromagnetic [Tan99], serves as

evidence for the positive exchange between trivalent Mn and Ni ions.

Cu substitution

The Mn-rich compositions of LaMn1−xCuxO3 are reported to have rhombohedral

[Gal77, Vog77, Tab98, Por99] or orthorhombic structures [Kni98, Sun00]. But all the
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reports indicate that, similar to the case of Ni substitution, the perovskite structure of

Cu-rich (x > 0.5) compositions are unstable, especially when synthesized by ceramic

method [Gal77, Vog77, Kni98, Tab98, Por99]

The magnetic ordering temperature of the LaMn1−xCuxO3 compositions decreases

with increase in x. Owing to the divalent state of Cu, two types of positive superex-

changes are reported, namely Mn+3-O-Mn+4 [Sun00] and Mn+4-O-Cu+2 [Bla65]. At

the same time, the Cu+2-O-Cu+2 antiferromagnetic interaction also increases with

x and forbids the building up of a long-range ferromagnetic order. Generally diva-

lent Cu+2 (S = 1/2) is reported in the literature for different compositions and the

Jahn-Teller activity of this ion is not considered in any of them. Even though Cu+2

is larger than Mn+3, it reduces the average Mn-site radius and so may decrease the

internal pressure.

Rh substitution

The nominal composition, LaMn0.85Rh0.15O3, is reported to have an orthorhom-

bic structure with trivalent Rh ions [Heb02a]. Similarly, LaMn0.5Rh0.5O3 is shown

to be orthorhombic and has a positive Weiss constant [Sch00]. Nevertheless, AC-

susceptibility measurements indicate that in LaMn0.5Rh0.5O3, the ferromagnetic in-

teractions are of short-range nature. A spin-state combination of Mn+2/Rh+4 is

suggested from paramagnetic susceptibility studies, for this compound. Since Mn+2

is an uncommon spin-state for Mn in manganates, further confirmation studies are

necessary.

In the above reports, Rh+3, is less likely to stabilize the structure, due to its larger

size than Mn+3. Whereas, the smaller Rh+4 may stabilize the structure in a similar

way as in the case of Ti+4.
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Ru substitution

The first report assigns a cubic structure for x = 0.5 composition of LaMn1−xRuxO3

[Gal65]. But the recent reports indicate an orthorhombic structure for this compo-

sition [Gon02, Kam00]. A trivalent spin-state is speculated to be the ground state

of Ru ion in LaMn1−xRuxO3 [Gon02, Kam00]. A decrease in Tc is found with the

increase in Ru content. Another report on LaMn0.95−xRuxO3 speculates that, for

x ≤ 0.2, both Ru and Mn are mixed valent as Mn+3/ Mn+4 and Ru+4/Ru+5 [Sah02].

Surprisingly, this report does not tell how the excess positive charge generated by Ru

ions is neutralized.

Similar to the case of Rh substitution, except Ru+3, all other higher valency ions

are smaller than Mn+3, but larger than Mn+4. Therefore, Ru+3 is less likely to

stabilize the structure.

Ir substitution

LaMn0.5Ir0.5O3 is reported to show a cubic unit cell with a trivalent state of Ir

ion [Gal65]. The same composition synthesized by a high-pressure-high-temperature

route is shown to have a pseudo-orthorhombic and speculated to be of Mn+2(high-

spin)/Ir+5 spin-states [Dem94].

The same arguments, as that of Rh and Ru substitutions, can be applied to the

size effects of trivalent and tetravalent Ir ions.

1.4.4 Conclusions

In LaMn1−xMxO3, none of the stoichiometric-substituted compounds result in a

metallic transport. In almost all the cases, the calculated magnetic moment of the

Mn-site ions, are reported to be less than the theoretical spin-only values, due to var-

ious reasons like, non-magnetic nature of substituent, randomness in the occupancy
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of substituent, negative superexchanges, grain boundaries and spin-frustration. Co

and Ni substitutions are the most studied among the Mn-site substitutions, but un-

fortunately the reports have a little agreement with each other. Only Co and Ni

substitutions results in ferromagnetic behaviour, with an increasing Tc persisting up

to the 50% of x. These two systems show structural and magnetic phase multiplic-

ity around x = 0.5. Compositions with x > 0.5 not only show noticeable decrease in

magnetization but all of them have the same Tc as that of the respective x = 0.5 com-

position. This particular magnetic behaviour of x > 0.5 compositions is common for

almost all other M ion substitutions. In other words, the M -rich compositions gen-

erally do not have long-range ferromagnetic ordering. The phase ambiguities around

the x = 0.5 composition of different M ions are yet to be sorted out.

Almost all the substitutions, except Co and Ni cases, lead to short-range fer-

romagnetic interactions, in the Mn-rich compositional region, most likely due to a

canting of the antiparallel moments of LaMnO3. The extent of this canting can be

even 180◦, where a pure ferromagnetic alignment occur, or in the other extreme with

0◦ canting, a ferrimagnetic alignment of moments is also possible. The canting of

moments in a stoichiometric compound is controlled by the size or charge or elec-

tronic structure of the substituents. The impact of above factors are manifested as

the destruction of the static cooperative Jahn-Teller distortion of LaMnO3 or as the

changes in the B-O-B bond angle, in addition to the changes in the exchange inter-

actions. Here, the amount of substituent ion required to destroy the orbital ordering

in LaMnO3 is inversely proportional to the octahedral site-preference of the same

ion. In many of the cases of Mn-site substitutions, antiferromagnetic interactions

also increase proportional to x, which compete with the ferromagnetic interactions

and therefore beyond certain concentration of x, ferromagnetic cluster formation or

spin-glass nature results.

The strength of ferromagnetic superexchange interaction increases with the de-
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crease in interionic distances [Hav66]. In the case of rhombohedral and orthorhombic

structures, of ABO3, the B–O distances are almost independent of lattice parameters,

but the interionic B-O-B angle changes. Hence, the changes in Weiss constant, Θ,

for these non-cubic compounds are due to the changes in bond angles. The Mn+3-

O-Mn+3 interactions are antiferromagnetic, when the interionic angle is 90◦, and at

180◦, it is ferromagnetic. Based on the reported trend of Θ with interionic angle, this

superexchange interaction is expected to change from ferromagnetic to antiferromag-

netic, when B-O-B angle is in the range 135-150◦. In general, any substitution which

destroy the cooperative static Jahn-Teller distortion (orbital ordering) of LaMnO3,

makes Mn+3-O-Mn+3 superexchange to be isotropic and ferromagnetic.



Chapter 2

Experimental

There are various tools and techniques, which played a vital role in the present study

of Mn-site substituted manganates and helped to discover the many new phases and

interesting properties of this family of compounds. Such techniques include the meth-

ods of synthesis of the oxide compounds, nondestructive characterization techniques

like powder XRD, XPS, and the measurements of magnetic properties by VSM and

AC-susceptometer. However, the Mn+4 content of the samples were determined in a

destructive manner. In the following discussions and all other chapters, the unit of

the temperature of magnetic measurements is expressed in Kelvin (K) as most of the

measurements are done below room temperature and the synthesis and processing

temperatures of the samples are expressed in degree centigrade (◦C), for practical

convenience.

2.1 Material synthesis

There are several types of methods commonly used for the synthesis of oxide materials,

such as ceramic, sol-gel, combustion, and co-precipitation, etc [Rao94]. The most

commonly used method of synthesis is the solid-state reaction or the ceramic method.

In the present study, majority of the compounds are synthesized by a combustion

method which is a soft chemical route (Chimie Douce) [Jon89]. The soft chemical
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(low-temperature) method was adopted for making sure of the phase homogeneity - a

serious issue in ceramic synthesis - of the oxide samples. At the same time, most of the

reports in the literature about the manganates are based on the compounds prepared

by solid-state method. Therefore, those compositions, that required a comparison of

the properties with the literature report, were synthesized by the ceramic method also.

All the chemicals used for the synthesis of the compounds in the present study were

of purity ≥ 99.9%. Similarly, for the synthesis and annealing of different compounds,

a maximum temperature of 1350 ◦C was used and all the samples were furnace cooled

in air.

2.1.1 Ceramic or solid-state reaction method

In the ceramic or solid-state reaction method of synthesis of oxides, the components in

the form of oxides, carbonates, oxalates, etc. are weighed accurately in the required

stoichiometric ratio and mixed thoroughly in an agate mortar with a pestle. This

mixture is pre-fired at a comparatively lower temperature to facilitate the decompo-

sition of the component carbonates, etc. After the pre-firing, the powder samples are

ground well and heated repeatedly at different temperatures, with many intermediate

grindings, till the pure compound is formed. In many cases, after mixing, the powders

are compacted into the form of pellets and heated for better reactivity.

In the solid-state reaction method, the rate of the reaction is considerably low, due

to several factors like, the energy required for the nucleation of the product especially

when a large structural reorganization is needed, the difficulty in diffusion of different

components to the reaction site, etc. Therefore, very high reaction temperatures

and repeated heatings are required to get the desired product in single phase form.

In addition to this, homogeneity of the product is doubtful, because of the diffusion

controlled nature of the reaction. This is especially true when multi-component oxides

or compositions in a solid solution series are synthesized. However, the solid-state or
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ceramic method is very simple and is the preferred method when larger quantities of

the products are required.

In this work, for example, the compound La2MnCoO6 is synthesized from La2O3,

MnO2 and CoC2O4.2H2O. Initially, La2O3 is pre-heated at 1000 ◦C, for 6 hours, to

remove any carbonate or moisture present and stored in a desiccator. The components

are then weighed in the stoichiometric ratio of 1 : 1 : 1, to get about 10 g of the final

product. Finally, these components are mixed together in an agate mortar, with the

help of acetone (CH3COCH3) as a mixing agent. The mixed powder is then heated in

a furnace, in air, at 1000 ◦C for 12 hours and furnace cooled. The resulting powder is

further heated under the same conditions after grinding for 30 minutes. The grinding

and heating at 1000 ◦C are repeated four times for 12 hours each, at 1100 ◦C for 24

hours, at 1200 ◦C for 24 hours and at 1300 ◦C for 96 hours with three intermediate

grindings. The powders after each heating and grinding are characterized for verifying

the completeness of the reaction.

2.1.2 Low-temperature method

The combustion method is very useful for synthesizing highly homogenous oxides at

very low temperatures and hence it is included in the category of the low-temperature

methods for the synthesis of oxides [Pat02]. In the combustion method, a fuel and an

oxidizer is required for the completeness of the reaction. For preparing metal oxides,

usually metal nitrates are used as the oxidizer and different fuels like urea, glycine,

carbohydrazide, oxalic dihydrazide, etc., are used. The oxidizer and fuel are made

into a solution, individually using water as the solvent, and finally mixed together.

This ensures a unform mixing of the components in a molecular level, and therefore

better homogeneity of the products are expected.

If a fuel and oxidizer are intimately mixed, burning reaction is self-sustaining,

requiring only a small amount of heat to ignite the mass. Theoretically, the reaction
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products of a stoichiometric fueloxidizer mixture combustion reaction (burn) are N2,

H2O, CO2 and the fine agglomerated particles of the desired oxide composition. In

practice, however, lab scale reactions do not proceed perfectly, resulting in noxious

gasses, fuel residue, and multi-phase product (individual metal oxides, carbonates,

hydroxides, even nitrates). Interference from the ambient environment (O2 and CO2

in the air) and insufficient reaction temperatures result in incomplete combustion,

producing various solid phases (e.g., carbonates, oxides) and potentially NOx or CO

gasses. By using proper fuels and oxidizers the reaction can be significantly altered

without producing toxic gases or requiring environmental controls. During combus-

tion, the temperature of the flame can be very high, for a short time, which is sufficient

to produce metal oxides. Therefore, at molecular level, sufficient heat energy is avail-

able for the formation of oxides, from the oxidation of the fuel. The availability of

such amount of energy and the homogeneity of the precursor solution make their

formation easy.

The low-temperature method used in this study is a solution-combustion method,

using glycine as the fuel [Chi90]. Glycine (H2NCH2CO2H), an amino acid, is used

here as a fuel because it is abundant in elements like carbon, hydrogen and nitrogen,

which can burn in the presence of the oxidizing agent, namely nitrate ions (NO−
3 )

belonging to the metal salts. More importantly, being a bi-dentate ligand, glycine

binds metal ions, which not only prevents selective precipitation during evaporation

of solvent, but facilitates a molecular level mixing of the components also.

In this method, for example, for the synthesis of La2MnCoO6, the nitrates of La,

Mn and Co are taken in the 2 : 1 : 1 ratio and dissolved individually in minimum

amount of distilled water. The individual nitrate solutions are then mixed together

with a water solution of glycine, such that two moles of glycine is available to each

mole of metal cation in the composition. The metal to glycine ratio of 1 : 2 is

maintained for the synthesis of all the compositions studied in this work, since this
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ratio is reported to give better efficiency [Chi90]. The final solution is taken in a

5 L glass beaker and heated on a laboratory hot plate, at a temperature of ∼200

◦C and the beaker is covered with a stainless steel wire gauze. Auto-ignition of the

precursor solution occurs immediately after the evaporation of the solvent. Finally,

the combustion reaction results in an amorphous oxide ash. This powder is then

annealed at higher temperatures in the range 200-1350 ◦C and the formation of the

required phase is analyzed, after each annealing, by different methods.

2.2 Estimation of Mn+4 content

The parent compound, LaMnO3, of the present study has a tendency to form Mn+4,

making the compound non-stoichiometric in oxygen content. Similarly, oxygen non-

stoichiometry may persist, even after Mn is replaced by other ions, due to the creation

of mixed valency. Therefore, it is necessary to monitor the oxygen stoichiometry or

the amount of Mn+4 in the final compound. Oxygen stoichiometry, in the present

work, is determined by a redox titration [Yak55, Jef89] method, which is generally

used for the perovskite manganates. This is based on the reduction of Mn+3 and

Mn+4 to Mn+2 in an acidic solution in the presence of Fe+2 which is oxidized to Fe+3.

A nearly 0.02 N ferrous ammonium sulphate (FeSO4.(NH4)2SO4.6H2O) solution

is prepared for the titration, and standardized using a standard solution of potassium

permanganate, KMnO4, which in turn was standardized using a primary standard,

oxalic acid (H2C2O4.2H2O). About 20 mg of the powder sample is weighed accurately

and dissolved in sufficient quantity of a known volume of ferrous ammonium sulphate

solution. The unreacted amount of Fe+2 after the reduction process is determined by

titrating against standard potassium permanganate solution. From the titre values,

the total amount of Fe+2 consumed for the reduction of Mn ions is back-calculated.

Thus the amount of Mn+4 is determined by assuming that exactly one mole of Fe+2
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is required per mole of the stoichiometric compound.

2.3 Powder X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a useful nondestructive method of structure analysis.

When an electromagnetic wave enters a crystal it will be scattered by the electrons

inside. But due to the periodicity associated with the arrangement of atoms of a

crystal, for certain angles of incidence (θ), there will be constructive interference be-

tween the different scatterers (planes of atoms). Nevertheless, for most of the angles,

destructive interference leads to the cancellation of the diffracted beams. With the

knowledge of the wavelength (λ) of the radiation and by measuring at which angles

the constructive interference occurs (called Bragg angle, θB), it is possible to un-

derstand the geometrical ordering of the atoms inside the crystal. The relation of

crystal structure with the above two parameters is expressed by the Bragg equation

nλ = 2dsinθ, where d is the spacing between any two parallel planes of atoms inside

the crystal and n is an integer [Klu54, Cul56]. Whenever constructive interference

occurs for a given set of planes, the angle of incidence θ is taken as θB of that planes.

Bragg equation puts a limit to the maximum wavelength that can be used for diffrac-

tion as λ ≤ 2d. This is the reason for using x-rays for crystal structure studies, as

the d values are typically in the range of few angstroms.

Corresponding to each crystal lattice there is an imaginary lattice called reciprocal

lattice present, such that a plane in the crystal lattice is represented by a point in

the reciprocal lattice [Kit03]. Also, the reciprocal lattice point is at a perpendicular

distance of 1/d from the given plane. In fact the diffraction pattern of a crystal is

a map of the reciprocal lattice of the crystal. In Figure 2.1 the diffraction of an

incident wave, given by a vector k, is represented in reciprocal lattice and condition
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Figure 2.1: Diffraction represented in reciprocal space.

of constructive interference is given as;

∆k = G (2.1)

where ∆k is called the scattering vector and is equivalent to k′ − k. And k′ is the

wave vector corresponding to the reflected radiation and has the same magnitude

as k. Here G is the reciprocal lattice vector for a given (hkl) plane and expressed

as G = ha∗ + kb∗ + lc∗, where a∗, b∗, & c∗ are axis vectors of reciprocal lattice. As

illustrated in the Figure 2.1, ∆k can take any value, but the complete constructive

interference for a given plane occurs only when it becomes equal to the reciprocal

lattice vector of that plane. At this situation, the reciprocal lattice point will lie

on an imaginary sphere of radius 1/λ and the magnitude of k becomes equal to the

radius of this sphere called Ewald’s sphere of reflection. This is nothing but the

Bragg’s condition of diffraction.

In addition to the information about the crystal geometry, the size of the particles

in a given diffracting system can also be determined from an XRD profile. This is

based on the fact that, if the number of planes in a diffracting particle is less than

that is required for the complete constructive interference at θB, a small spread of
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angles, θB ± δ, also gives considerable constructive interference. This results in the

broadening of the XRD peaks. The dependence of broadening of a diffraction peak

at θB, on the particle size D, is expressed by Scherrers formula;

D =
0.9λ√

σ2 − σ2
0cosθ

(2.2)

where λ denotes the wave length of x-ray radiation (here, Cu Kα), σ is the measured

full width at half maximum of the diffraction peak at θB, expressed in radians, and

σ0 represents a scan aperture of the diffractometer [Klu54]

Powder x-ray diffraction (XRD) patterns of the present work are recorded on a

Philips PW1830 diffractometer. The x-ray source of this diffractometer emits Cu Kα

radiation with a wavelength of 1.5418 Å. The diffractometer is calibrated with refer-

ence to a standard oriented Si wafer. For usual structural phase analysis, a scan rate

of 4◦/minute is used and slow-scans are done at 0.25◦/minute. For the determination

of lattice parameters by least-squares method, from powder diffraction data, different

computer programmes are used, viz. Lazy Pulverix (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.).

2.4 X-ray Photoelectron Spectroscopy(XPS)

When a material is irradiated with a photon having energy greater than that of an

electron in a given orbital of an atom in the sample, there is a finite probability that

the incident photon is absorbed by the atom and an atomic electron is promoted

to an unoccupied level or ejected as a photoelectron. The latter mechanism is the

underlying principle of x-ray photoelectron spectroscopy (XPS). Here, x-ray is used

for the study of core-level electrons owing to its higher value of energy, which is

sufficient to eject the core electrons. However, the kinetic energy of the photoelectron
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depends upon both the energy of the incident photon and the binding energy [Hol70].

This can be expressed mathematically as;

Ehν − EBinding = EKinetic (2.3)

Thus, knowing the energy of the incident photon, Ehν and the kinetic energy of the

photoelectron, EKinetic, the binding energy, EBinding of the electron in a particular

orbital can be determined.

In the present study, photoemission spectra are recorded on a VG Microtech

Multilab ESCA 3000 spectrometer equipped with a twin anode of Al and Mg. All

measurements are made at room temperature using non-monochromatized Mg Kα

x-ray source (hν = 1253.6 eV). Base pressure in the analysis chamber is generally

4×10−10 Torr. Extreme care has been taken to minimize the surface contamination

problem by scraping the samples thoroughly and repeatedly over the surface with a

stainless steel blade in situ under high vacuum. The scraping is repeated until the

higher binding energy shoulder in the O 1s XPS showed a minimum and no further

decrease in intensity, as reported in the literature [Cha92, Sai95]. Sample surface

cleanliness is also confirmed by the absence of any impurity signal in the valence

band spectra. The energy resolution of the spectrometer is determined from the full

width at half maximum of metallic gold and the value obtained is better than 0.8 eV

for Mg Kα radiation at a pass energy of 20 eV. Adventitious carbon on gold surface

shows a C 1s core-level peak at 284.9 eV and all binding energies (BE) are referenced

to this peak at 284.9 eV. The errors in all the BE values are within 0.1 eV.

2.5 Magnetic measurements

All the samples in this study, after annealing at each temperature, are explored for

their magnetic behaviour. The static magnetic properties are studied at various mag-

netic field strengths and in different ranges of temperatures, to get information on
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the magnetic transition temperature, saturation magnetization, paramagnetic sus-

ceptibility, etc. AC-susceptibility measurements are also made, in certain cases, as a

function of temperature at different frequencies to get information on the dynamic

magnetic behaviour. The general techniques for the measurement of magnetic mo-

ment involves the detection of force, torque, or induction from the magnetic moment,

where, the induction techniques are the most commonly used ones. Generally, all

the magnetic induction measurements involve observation of a voltage induced in a

detection coil associated with a flux change, when the applied magnetic field, coil

position or sample position is changed.

2.5.1 Vibrating Sample Magnetometer (VSM)

VSM involves the measurement of magnetic induction in the vicinity of the sample

[Bus03]. According to Faraday’s law of electromagnetic induction, an emf (V) will be

generated in a coil when there is a change in flux linked to coil. For a given coil, with

n turns and cross-sectional area, a;

V = −na
dB

dt
(2.4)

where B, magnetic induction is equal to the product of the constant applied field, H,

and the permeability, µ0. But when a sample with magnetization M is introduced

into the coil, the magnetic induction becomes;

B = µ0(H + M) (2.5)

Incorporating the corresponding flux change, ∆B = µ0M , into the Equation 2.4, the

output signal of the coil is obtained as

V dt = −naµ0M (2.6)

That is the output signal is independent of the magnetic field, H,in which the mea-

surement has been carried out.
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Figure 2.2: Vibrating Sample Magnetometer.

Vibrating Sample Magnetometer (VSM) measures the voltage induced by a si-

nusoidal motion of the sample, produced with the help of a transducer assembly, in

vertical direction with respect to the magnetic field. The sample is centered in the re-

gion between the magnetic poles and the stationary pick-up coils are suitably located

on the magnetic pole pieces. Here, the frequency of the output signal is the same as

the vibrational frequency of the sample. Whereas, the intensity of the signal is de-

termined by the magnetic moment as well as the frequency and amplitude of sample

vibration. Therefore, in order to avoid any errors due to variations in the amplitude

or frequency of vibration, usually a reference technique is employed. This is done by

using a vibrating capacitor which generates a reference signal that is sensitive to the

vibrational amplitude and frequency. A schematic diagram of the VSM is given in

Figure 2.2.

Magnetic measurements of the present work are performed on a PAR EG&G 4500
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vibrating sample magnetometer. Calibration of this VSM is done by using a standard

nickel sample which gives a saturation magnetization value of 490 emu/g, in a wide

range of temperatures around room temperature. The sample holder used is made

of a non-magnetic a polymeric material, Kel-F (poly(chlorotriflouro)ethylene). Field

dependence of magnetization is done using a maximum magnetic field of ±15000 Oe.

The temperature range in which magnetic properties are studied is 10–873 K. Most

of the measurements are carried out in the 80–300 K temperature range, using a

liquid nitrogen cryostat. A closed cycle helium cryostat is used for measurements

in the 10–300 K range and an oven assembly is used for measurements above room

temperature.

Temperature variation of magnetization is measured by two methods. The first

one involves cooling the samples in zero magnetic field from room temperature to the

lowest measuring temperature and then the magnetization is recorded while warming

the sample in a lower field (generally 50 Oe). This method is called zero field cooled,

ZFC, magnetization measurement. In the second method, the sample is cooled under

an applied magnetic field itself and the magnetization is monitored while heating in

the same field. This method is called the field cooled (FC) magnetization measure-

ment. Zero field cooled (ZFC) magnetization measurements, using very low magnetic

fields, are found to be useful for the identification of different magnetic phases co-

existing in a given sample of R-site substituted manganates [Ani98]. Therefore ZFC

magnetization curves are recorded for all the samples at a lower field of 50 Oe. Curie

temperature (Tc) is determined as the temperature at which a maximum is observed

in the dM/dT versus T curves.

2.5.2 AC-susceptometer

AC-susceptibility is a simple and best method for probing the magnetization dynamics

of materials [van82]. Compared with the DC techniques (like VSM), AC-susceptibility
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Figure 2.3: Schematic diagram of AC-susceptometer.

is the only technique where the actual susceptibility (dM/dH) is measured directly,

instead of measuring the gradient of the initial magnetization curve. Also, the mag-

nitude of the applied field is usually smaller with AC-susceptometer than used in the

DC techniques and therefore the state probed by AC-susceptibility is much closer to

the ground state, which is important in the study of systems like spin glasses. The

measurement of AC-susceptibility relies on the change of the mutual inductance of

a set of two coils or the self-inductance of a single coil, when a magnetic sample is

inserted. Experimentally, the AC-susceptometer operates as; a primary coil produces

a small ac AC field and the resulting emf, directly proportional to the derivative

of the magnetization of the sample, induced in the secondary (pick-up) coil wound

around the sample, is analyzed. The in-phase and out-of-phase components of the

output signal with respect to the driving current of the primary coil is proportional

to the real χ′ and imaginary χ′′ components of the susceptibility, χ, respectively.

Mathematically, this situation is expressed as;

χ =
√

χ′2 + χ′′2 (2.7)
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where χ′ = χcosφ and χ′′ = χsinφ, with φ as the phase shift to the imaginary com-

ponent with respect to the drive signal. For separating the real and imaginary com-

ponents, a lock-in amplifier is used. A schematic diagram of the AC-susceptometer

is shown in Figure 2.3.

During the present study, the AC-susceptibility measurements are done in the

temperature range of 10-300 K, using an APD cryogenics closed cycle helium cryostat.

An AC magnetic field of 0.5 to 2 Oe is applied in different measurements with a

maximum frequency of 5 kHz.



Chapter 3

Co substituted LaMnO3

Ferromagnetism can be induced in the antiferromagnetic lanthanum manganate,

LaMnO3, by substituting La (La-site) or Mn (Mn-site) by suitable ions. Exten-

sive studies have been made on the magnetic properties of La1−xDxMnO3 (D = Ca,

Sr, etc.) after the discovery of CMR in this class of compounds and the results are

well documented in the literature [Col98, Coe99, Col00]. Nevertheless, the ferromag-

netic properties of the La-site substituted compounds arise because of the changes in

the valence state of Mn and the associated structural variations. Therefore, studies

on the Mn-site substituted manganates also can provide a wealth of information in

terms of the origin of ferromagnetic properties and the relevance of substitution is

expatiated in Section 1.4. Even though there are many studies, reported by several

groups, on the substitution of Mn by Co, there are severe disagreements among the

reports regarding the magnetic phases, structural features, etc. The striking fact is

that most of the reports are on compounds synthesized by different methods and pro-

cessing conditions. These ambiguities on the structural and magnetic properties can

therefore be associated with the difference in synthetic methods/conditions, which is

one of the indispensable problems inherent in multicomponent solid oxides. Even the

studies on LaMn1−xCoxO3 series synthesized under similar conditions, report differ-

ent origins for ferromagnetism. Thus it is necessary to study this system in detail to
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have a cessation to these contradictions in a convincing manner.

Most of the studies reported in the literature on the Co-substituted compositions,

LaMn1−xCoxMnO3, are on x = 0.5. This indicates the relevance of this particular

composition when compared to the others. It may exhibit certain novel properties

because of the parity in the amount of Mn and Co in the composition. Hence, the

studies on LaMn1−xCoxMnO3 are divided into three sections, such that the compo-

sition, x = 0.5 (LaMn0.5Co0.5O3 or the double perovskite formula La2MnCoO6), is

treated exclusively in the first section, followed by studies on the Mn-rich composi-

tions, 0 < x < 0.5, and Co-rich compositions, 0.5 < x ≤ 1.0, in the next two sections,

respectively.

Synthesis

Conventional solid-state reaction method of synthesis of the oxides may end up with

misleading results if the compounds are not processed properly. Therefore all the com-

positions in the LaMn1−xCoxO3 series were prepared by a low-temperature method,

called the solution-combustion method [Chi90]. And these compositions were pro-

cessed further under identical conditions, whenever it was required to avoid changes

in processing conditions. Some of the compositions were also synthesized by the

conventional solid-state reaction route for a direct comparison of the properties. To

exploit the possibility of long-range magnetic interactions at different proportions of

Co and Mn, the concentration of Co in the compositions were selected as the whole

number multiples of 1/16. The other conventional compositions, where Co concen-

tration varying as the multiples of 1/10, were also synthesized.

In the low-temperature method of synthesis, the nitrates of La, Mn and Co were

taken in the required stoichiometric ratio and dissolved in water along with glycine

(2 moles of glycine per mole of metal ion) and on slow evaporation on a hotplate at

200 ◦C, this precursor spontaneously burnt and formed a black powder. The powder
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samples, thus obtained following the above procedure were annealed in air, in the

temperature range 200–1300 ◦C at intervals of 100 ◦C for 12 hours each and furnace-

cooled to room temperature. The low-temperature synthesized samples are denoted

by the abbreviation ‘LT’.

In the ceramic method of synthesis, a solid-mixture containing La2O3 (pre-heated

at 1000 ◦C), MnO2 and CoC2O4.2H2O, taken in the required stoichiometry, were

heated initially at 1000 ◦C for 12 hours and then heated at the same temperature

for 96 hours with five intermediate grindings. The powders obtained were further

heated at 1100 and 1200 ◦C for 24 hours each and then at 1300 ◦C for 120 hours

with intermediate grindings. The samples synthesized by the ceramic method are

demarcated as ‘HT’.

Oxygen Stoichiometry

Reports on the oxygen stoichiometry studies show that the parent compound, LaMnO3,

always form with excess Mn+4, LaMnO3+δ, and Mn+4 content decreases on the sub-

stitution of Mn by different elements; Cr [Gun96], Cu [Por99], Al [Kri00a, Kri00b], Co

[Elf00, Tro00], and Mg [Kut00]. This phenomenon observed, independent of the type

and charge of metal ions, can be due to the decrease in internal pressure concomitant

with the decrease in the average Mn-site ionic radius, after substitution.

In LaMn1−xCoxO3+δ, the samples synthesized by the ceramic method were found

to be nearly stoichiometric, with δ = ±0.02. In the case of the low-temperature

synthesized compounds, the as-prepared samples always showed slight amounts of

residual carbon, making the oxygen estimation erroneous. When these samples were

annealed in air at 700 ◦C, δ decreased quickly with increasing x and compounds

became oxygen stoichiometric for x > 0.3. Similarly after annealing in the range

1300-1350 ◦C, δ reduced much faster with x.
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3.1 La2MnCoO6 (x = 0.5)

Mixed valency of the transition metal ions, charge disproportionation, existence of two

different crystallographic forms, etc., appear to be some of the common features of the

perovskite-type magnetic oxides A2BB
′
O6 (or AB0.5B

′
0.5O3) [Fal97, Ram00, Ued01,

Wak01]. The double perovskites became very important after the observation of large

tunnelling magnetoresistance, at room temperature, in the half-metallic compound,

Sr2FeMoO6 [Kob98]. Half-metallicity is a situation in which all the charge carriers

of a conductor have the same spin. Such compounds find application in intergrain-

tunnelling magnetoresistance devices. The above compound has two crystallographic

phases with different Curie temperatures, viz. a cubic phase with Tc ≈ 390 K and

a tetragonal phase with Tc = 415 K [Kob98, Goo00, Tom00]. Here, majority of the

ions are present as Fe+3 and Mo+5 [Nak68, Gre01]. It has been predicted that the

perfect alternating order of Fe and Mo ions promotes the equilibrium Fe+3 + Mo+5 
Fe+2 + Mo+6 and the overlapping of the redox energies of Fe+3/Fe+2 and Mo+6/Mo+5

couple to produce half-metallicity and ferromagnetism in Sr2FeMoO6 [Sle72, Goo00].

La2MnCoO6 (LaMn0.5Co0.5O3) is reported to possess the highest Tc among all

the other possible compositions of LaMn1−xCoxO3 series. Magnetic properties of the

manganese oxides, La2MnMO6, where M = Co, Ni, Cr, etc., were first studied in

the 1960s (both the perovskite formula LaMn0.5M0.5O3 and the double perovskite

formula La2MnMO6 were commonly used by the earlier workers), to understand the

nature of the magnetic exchange interactions in these compounds [Wol58, Goo61,

Bla65, Jon66, Dey67, Fuj67]. The interest in this composition is because of its simi-

larity with other double perovskites like Sr2FeMoO6. Moreover, the local-spin-density

calculations predict that La2MnCoO6 can be half-metallic [Pic98, Yan99].
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3.1.1 Background

Because of the different structures of the end members, LaMnO3 (orthorhombic) and

LaCoO3 (rhombohedral), phases with two different crystallographic structures may

be possible for La2MnCoO6. The mixed phase behaviour of La2MnCoO6 was first re-

ported by Goodenough et al. in 1961 [Goo61]. Mixed ferromagnetic phase behaviour

of La2MnCoO6, with orthorhombic and rhombohedral structures, was found in the

above samples prepared by the conventional solid-state reaction method. After a gap

of more than three decades, electronic structure calculations on La2MnCoO6 showed

that orthorhombic structure, with rock-salt type ordering of Mn and Co, is more sta-

ble than the rhombohedral structure [Yan99]. This indirectly tells that a metastable

phase with rhombohedral structure is plausible for this compound.

A brief description of the reports on the studies of Co-substituted LaMnO3 is

given in Section 1.4. Most of these reports are on the samples synthesized using the

solid-state method. There are no reports on the synthesis or isolation of the possible

different ferromagnetic or crystallographic phases of this compound, in the pure forms.

Even though there are reports about samples synthesized by low-temperature meth-

ods, different studies are carried out on samples treated at higher annealing tempera-

tures and none of the studies have looked into the possibility of metastable ferromag-

netic phase formation at lower temperatures. All the possible oxidation/spin-states

like Mn+3, Mn+4, Co+2, and Co+3 and positive superexchanges like Mn+3-O-Mn+3,

Mn+4-O-Co+2, and Mn+4-O-Mn+3 are reported by different groups, for La2MnCoO6.

Similarly, there are reports on crystal structures with orthorhombic, rhombohedral,

pseudocubic, and monoclinic symmetries. Therefore, it is necessary to sort out the

issues of multiple phases of La2MnCoO6 and need to understand how and when these

phases are formed.
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3.1.2 Powder XRD studies

Powder x-ray diffraction patterns of the low-temperature synthesized La2MnCoO6

samples, annealed at 200, 400, 600, 700, and 1300 ◦C, are shown in Figure 3.1. A

perovskite phase is obtained at lower annealing temperatures itself, with a pseudo-

cubic lattice parameter a ≈ 3.90 Å. All the reflections in the XRD pattern of the

sample annealed at 200 ◦C are weak and broad due to fine particle nature of the

low-temperature synthesized sample. The average particle size is obtained as ∼15

nm from x-ray profile broadening, using the Scherrer formula given by Equation 2.2

[Klu54, Cul56]. The average particle size is found to be almost independent of anneal-

ing temperature below 700 ◦C. An additional weak and broad reflection is observed

at 2θ ≈ 29.4◦, in the XRD patterns of samples annealed below 500 ◦C. This extra

reflection does not belong to the nitrates, oxides, carbonates or hydroxides of the in-

dividual starting metal ions and it is neither of glycine, the fuel used for the synthesis.

Similarly, this peak is not matching with that of other perovskite related A2BO4 or

the A2B2O7 (pyrochlore) structures. This weak and broad peak, disappearing after

annealing at 500 ◦C, may be due to small amounts of some unknown metastable phase

of the mixed oxides. Moreover, such small amounts of impurity phase does not have

any effect on the magnetic transition observed for this sample of La2MnCoO6 (see the

following section). This argument is supported by the observation that La2MnNiO6,

prepared under identical conditions as that of the above sample and having identical

transition temperatures, does not show any impurity phase in the x-ray diffraction

pattern (as discussed in the following chapter). Since this peak is very broad, most

likely due to the lower particle size of the corresponding phase, it is extremely difficult

to refine it reliably with any crystal structures.

In the case of sample annealed at 700 ◦C, broadness of all the peaks persists

to certain extent and there are no traces of the weak reflections observed in the

samples annealed at lower temperatures. Due to the ambiguity associated with the
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Figure 3.1: Powder XRD patterns of La2MnCoO6; (a) low-temperature synthesized
sample annealed at different temperatures and (b) high-temperature synthesized sam-
ple annealed at 1000 ◦C for 96 h and 1300 ◦C for 96 h.

broadening of diffraction profile, refinement of the XRD pattern is done with both

the crystal structures of the end members, which are the most likely structures in

this case. The refinement of the lattice parameters, using least-squares method, give

comparable goodness of fit in both the cases (orthorhombic space group Pbnm, a =

5.458 Å, b = 5.525 Å, c = 7.780 Å ,and rhombohedral space group R3c, a = 5.488

Å, α = 60.2◦). At the same time, this compound may have an ordering of B-site

ions, owing to the equality in concentration of Mn and Co ions and because of the

difference in charge/size of Co and Mn ions. However, the above space groups do
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not allow two crystallographically distinct positions for Mn-site ions, so as to account

for the ion ordering. Therefore, instead of Pbnm space group, its subgroup P21/n,

having monoclinic structure, is also considered (a = 5.522 Å, b = 5.459 Å, c = 7.779

Å, β = 89.8◦ ). Similarly in the place of R3c, R3 space group is considered (a =

5.478 Å, α = 60.4◦). According to the previous reports, such ion ordering can be

distinguished clearly from neutron diffraction spectral studies [Bul03, Das03]. Our

refinements of the x-ray diffraction spectra, with these new space groups, did not lead

to a sizeable betterment.

Those samples annealed above 700 ◦C eventually become more and more crys-

talline after annealing at higher temperatures. Structure refinements with Pbnm (a

= 5.466 Å, b = 5.510 Å, c = 7.748 Å ) or P21/n (a = 5.510 Å, b = 5.465 Å, c = 7.749 Å,

β = 89.9◦) symmetry gave noticeable betterment than with using the rhombohedral

space groups, and better refinement is obtained with the orthorhombic space group

Pbnm for the sample annealed at 1300 ◦C. This indicates clearly that the sample

annealed at high temperatures has orthorhombic structure. But, the possibility that

the compound has an ion ordered structure with monoclinic symmetry, can not be

discerned from powder x-ray diffraction studies. It may be seen that there is only

a slight difference between the corresponding lattice parameters of the samples an-

nealed at 700 and 1300 ◦C. XRD patterns of the samples annealed between these

temperatures also gave similar lattice parameters.

The powder XRD patterns of the sample synthesized by the ceramic method (HT

sample) and annealed at 1000 and 1300 ◦C, for 96 h each, are also shown in Figure 3.1.

There are no impurity reflections observed in the patterns, indicating the formation

of a perovskite phase, even at 1000 ◦C. However, all the reflections in the pattern of

the sample annealed at 1000 ◦C are some what broader, as if the particle sizes are

smaller, and an additional shoulder is observed for all reflections at the right side

of the main peaks. Smaller particle sizes are unlikely for the sample synthesized by
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the ceramic method and therefore, the broadening of the peaks and the additional

shoulders may be due to some compositional inhomogeneity [Ani98] or mixed phase

behaviour. If different compositions close to x = 0.5 in LaMn1−xCoxO3 are formed, or

if the sample contains more than one phase of the same composition, having the per-

ovskite structure, then the individual peaks will be a sum of the reflections of different

compositions/phases having slightly differing lattice parameters, so that the reflec-

tions may appear broad. The XRD patterns of the HT and LT samples, annealed at

1300 ◦C, are identical, indicating the formation of single phase compositions. Almost

identical orthorhombic lattice parameters are obtained for these two samples.

3.1.3 Magnetic measurements

LT samples

The temperature variation of the zero field cooled (ZFC) magnetization of the samples

annealed between 200 and 700 ◦C is compared in Figure 3.2. The onset of a magnetic

transition, at ∼150 K, and the broadness of magnetic transition are identical for the

samples annealed up to 300 ◦C. An increase in the magnetic transition temperature

and further broadening of the magnetic transition is observed with increase in the

annealing temperature up to 500 ◦C. Onset of a magnetic transition below ∼230 K,

with a slightly broad nature, is obtained for the sample annealed at 600 ◦C and this

magnetic transition becomes sharper without any change in the Tc (Curie temper-

ature) on further annealing at 700 ◦C. A maximum Tc of ∼230 K is obtained for

the sample annealed at 700 ◦C, henceforth called as the high-Tc phase of x = 0.5 in

LaMn1−xCoxO3. The increase in Tc, with increasing annealing temperature between

200 and 700 ◦C, is not due to any particle size effect, as the average particle size was

found to be almost constant for samples annealed in this temperature range. More-

over, the magnetic transition is expected to become sharper, instead of becoming
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Figure 3.2: ZFC magnetization curves (H = 50 Oe) of x = 0.5, annealed in the
temperature range 200-700 ◦C.
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Figure 3.3: ZFC magnetization curves (H = 50 Oe) of x = 0.5, annealed in the
temperature range 700-1350 ◦C.
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Figure 3.4: FC and ZFC magnetization curves of the two phases of x = 0.5, H = 50
Oe.

broad, if there is a real effect of increasing particle size.

The temperature dependence of ZFC magnetization of the samples annealed be-

tween 700 and 1350 ◦C is shown in Figure 3.3. The collapse of the high-Tc phase

commences with the increase of the annealing temperature just by 100 ◦C. Here, an

interesting observation is that stability of the high-Tc phase is limited to the anneal-

ing temperature range of 700±50◦C. The sample annealed at 1100 ◦C shows a major

magnetic transition temperature corresponding to the Tc of the high-Tc phase, with

significant broadening towards lower temperatures. After annealing at higher tem-

peratures, the contribution due to this magnetic transition decreases and a second

broad magnetic transition appears close to 150 K. Finally, a single sharp magnetic

transition is observed at ∼150 K for the sample annealed above 1300 ◦C. Henceforth

this phase formed at 1350 ◦C is called the low-Tc phase. Interestingly, the tempera-

ture at which the initial increase in magnetization observed for the sample annealed
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at 200 ◦C, is at the Tc of the low-Tc phase. But, the former sample shows a broad

magnetic transition below 150 K, with a peak in MZFC at Tp = 110 K, whereas Tp is

close to the Tc for the low-Tc phase. The broadness of magnetic transition and large

difference between Tc and Tp may be ascribed to the superparamagnetic nature of

the extremely fine (15 nm) particles of the sample annealed at 200 ◦C. In superpara-

magnetism, the ferromagnetic transition of a given sample is broadened due to the

thermal fluctuation of the total moment on each particles of the sample, attributed to

their single domain nature. This situation arises usually when the size of the particle

is lower than certain critical value [Cul72].

Figure 3.4 shows the temperature variation of the zero field cooled (ZFC) and

field cooled (FC) magnetization curves of the two different phases of La2MnCoO6.

Even though a bifurcation in the magnetization occurs between the FC and the ZFC

curves, below the transition temperature, this phenomenon, called thermomagnetic

irreversibility, is not due to a spin-glass behaviour [Myd93], as interpreted in some

reports [Gon01]. This is evident from the dynamic magnetization studies, which show

no frequency dependence for the magnetic transition (see Section 3.1.4), unlike the

spin-glasses. Nevertheless there are reports opposing the spin-glass nature of such

systems showing thermomagnetic irreversibility [And02]. Instead, this behaviour in

La2MnCoO6 may be due to the strong uniaxial anisotropy of the Co ions [Kum98a,

Kum00].

Magnetic field dependence of the magnetization, as shown in Figure 3.5, confirms

that the magnetic transition of the sample annealed at 200 ◦C corresponds to a fer-

romagnetic phase. The numbers on the curves represent the temperature at which

the magnetization is measured. At 147 K, the M-H curve shows a linear behaviour,

characteristic of a paramagnetic state. A continuous decrease in the magnetization

with increasing temperature is obtained up to the Tc at higher magnetic fields. At

low magnetic fields, the magnetizations are lower at lower temperatures than at some
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Figure 3.5: Magnetic field dependence of isothermal magnetization of the La2MnCoO6

sample annealed at 200 ◦C. The numbers on the curves indicate the temperature in
K. Inset: Temperature variation of the magnetization at 82 K of the low-Tc phase,
measured at 15 kOe.

higher intermediate temperatures. This corresponds to the magnetization drop in the

low-field ZFC magnetization curves below Tp, as reported for different ferromagnetic

compounds [Joy00]. Also, this excludes the possibility of an antiferromagnetic transi-

tion. Magnetic saturation is not attained even at 15 kOe (the maximum field used in

this study), due to the insufficiency of the field as well as the anisotropy contribution

from Co. The effect of anisotropy of Co ion is evident from the temperature depen-

dence of magnetization at 82 K of the low-Tc phase of the compound, measured at a

field of 15 kOe, as given in the inset of Figure 3.5. The magnetization increases with

decreasing temperature, and below 50 K it starts decreasing, most likely due to the

dominance of the anisotropy of Co. A large increase in the coercivity was observed

at low temperatures, justifying the above conclusion. The magnetization was found

to be unsaturated at 12 K and 15 kOe probably due to the same reason. It has been
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reported that extremely low temperature and high magnetic fields are required for

magnetic saturation for such Co incorporated compounds [Mah03].

HT samples

Based on the observation of two distinct ferromagnetic transition temperatures for

the LT samples annealed at 700 and 1350 ◦C, it can be concluded that there are two

different ferromagnetic phases for La2MnCoO6. Also, the LT samples annealed in

the temperature range 800-1200 ◦C have both the above phases coexisting, where the

amount of a given phase depends on the temperature of annealing. This gives some in-

sight into the reported phase ambiguities associated with the samples of La2MnCoO6

synthesized by conventional solid-state method [Goo61], since the usual range of heat

treatment in this method is 1000-1300 ◦C. Therefore, the magnetic properties of

La2MnCoO6, synthesized by the ceramic method, are also explored.

ZFC magnetization curves of the sample prepared by the ceramic method and

heated in air in the temperature range 1000-1300◦C are compared in Figure 3.6. The

samples heated at 1000 and 1100 ◦C show a major ferromagnetic transition at ∼230 K

with the indication for the presence of another magnetic phase with a lower transition

temperature below 200 K. On the other hand, the samples heated at 1200 ◦C and

1300 ◦C for a shorter duration show a major broad ferromagnetic transition below

200 K with a weak ferromagnetic transition at ∼230 K. After heating at 1300 ◦C for

a longer period, a sharp ferromagnetic transition is observed at ∼150 K and still a

minor rise in the magnetization is observed at ∼230 K. The results indicate that it

is hardly possible to get the high-Tc phase of La2MnCoO6 in single phase form, if

prepared by the usual ceramic method. However, pure low-Tc phase can be obtained

by repeated heating of the sample at or above 1300 ◦C. The magnetic behaviour of

the ceramic samples are sensitively dependent on the heating history. In most of the

reports in the literature, the magnetization measurements are done in comparatively
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Figure 3.6: ZFC (H = 50 Oe) magnetization curves of the samples synthesized by
the ceramic method and heated at different temperatures as indicated.

larger applied magnetic fields, which obscure the small contributions from the minor

amounts of other magnetic phases. This unveils the cause of the contradictions in the

reported magnetic behaviour of the compound.

3.1.4 AC-susceptibility studies

The ZFC magnetization curves of La2MnCoO6 samples annealed at 200, 700, and 1300

◦C, measured in the temperature range 10-300 K, are compared in Figure 3.7. The

Curie temperature is obtained as the temperature at which dM/dT is maximum, as

shown in the figure for the sample annealed at 700 ◦C (high-Tc phase). Thus, for the

high-Tc and low-Tc phases, Tcs are obtained as 225 K and 145 K, respectively. Inter-

estingly the low-Tc phase obtained after high-temperature annealing, shows a cusp at

73 K. The sample annealed at 200 ◦C, though shows almost the same magnetic tran-

sition temperature, has no such well-resolved features and instead a broad decreasing
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Figure 3.7: Comparison of the zero field cooled magnetization curves of the low-
temperature synthesized La2MnCoO6 annealed at 200, 700 and 1300 ◦C, measured at
50 Oe. The dotted curve is the derivative of magnetization, dM/dT .

magnetization encompassing this cusp-region is observed. Neither the high-Tc phase

has any such anomalous cusp below Tc. Such additional features, below Tc, have been

reported for some Mn-site substituted systems. This has been explained in terms of

small ferromagnetic clusters in the case of Al-substituted compounds [Kri00a, Kri00b];

due to Mn/Co disorder [Kyo03] and dynamic freezing of nanosized superparamagnetic

domains or oscillations of pinned domain walls [Mah03] for Co-substituted compo-

sitions; from ferromagnetic clusters [Bla01] and domain wall pinning due to local

anisotropy or structural defects [Bla02b] in the case of Ni substituted compounds.

Measurement of the frequency dependence of AC-susceptibility is commonly prac-

ticed to understand the dynamics of domain wall motion in ferromagnets and spin

freezing behaviour in spin-glasses. As observed in the ZFC magnetization curves, the

cusp below Curie temperature is observed only in the low-Tc phase obtained after
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Figure 3.8: Temperature variation of the AC-susceptibility of the low-Tc phase of
La2MnCoO6, measured at three different frequencies.
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Figure 3.9: AC-susceptibility of Ni substituted La2MnCoO6, measured at 210 Hz and
2 Oe.
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annealing at 1300 ◦C. AC-susceptibility measurements show that the ferromagnetic

transition is independent of the frequency of the applied AC-magnetic field (See Fig-

ure 3.8). At the same time, the maximum of the cusp shifts to higher temperatures

with the increase in frequency. This observation proves that the dynamics of mag-

netization is not related to a spin-glassy nature, because spin-glasses cannot have a

magnetic transition, which is independent of frequency. Moreover, La2MnCoO6 shows

all the features of a typical ferromagnet. Therefore, in the present case, the cusp as

well as its frequency dependence can be because of the domain wall pinning effects,

especially due to the strong uniaxial anisotropy of Co. However, it is difficult to

demarcate the contributions from other effects, which leads to the pinning of domain

walls. Evidence for the contribution of Co ion is obtained from those compositions

(processed under identical conditions), where Co ions are partially replaced by Ni.

The cusp broadens and shifts to lower temperatures and finally disappears for the

case where more than 50% of Co is replaced by Ni (See Figure 3.9).

3.1.5 Determination of Spin-states of Mn and Co

It is confirmed that there are two possible ferromagnetic phases for La2MnCoO6,

along with the high probability for the formation of mixed phases depending upon

the heat treatment conditions. Also, the conditions of formation of the two phases are

optimized. Therefore, it is the right opportunity for settling the issues regarding the

spin-states of Co and Mn in the two different phases, by determining it meticulously.

Three different methods are used here to get information on the spin-states; param-

agnetic susceptibility measurements, x-ray photoelectron spectroscopic studies, and

studies on the magnetic properties after substitution of a non-magnetic, isovalent ion.
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Figure 3.10: Temperature variation of inverse paramagnetic susceptibility of the two
different phases of La2MnCoO6.

Paramagnetic susceptibility

Temperature variation of the inverse of the paramagnetic susceptibilities of the two

pure phases of La2MnCoO6, obtained after annealing at 700 and 1300 ◦C are shown

in Figure 3.10. Effective paramagnetic moment (µeff ) is calculated from linear least-

squares fit to the data at high temperatures. For the high-Tc phase, µeff is obtained

as 3.52 µB (Bohr magneton) and paramagnetic Curie temperature, Θ = 378 K. For the

low-Tc phase, µeff = 4.01 µB and Θ = 236 K. Deviation from Curie-Weiss behaviour

is observed below 600 K for the high-Tc phase and below 450 K for the other phase.

In LaCoO3 and La1−xSrxCoO3, existence of various possible spin-states (high-spin,

intermediate-spin, and low-spin) of both trivalent and tetravalent Co ions have been

predicted from magnetic and spectroscopic measurements [Tag78, Sai97a, Sai97b].

However, in LaMnO3, and the La-site substituted manganates, paramagnetic sus-

ceptibility and ferromagnetic saturation magnetization measurements have indicated
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Table 3.1: Comparison of µso and µeff for various spin-states of Mn and Co in the
high-Tc (HTC) and low-Tc (LTC) phases of La2MnCoO6

Spin-states µso(µB) µeff (µB)
Mn+3 (S=2), Co+3 (S=2) 4.90
Mn+3 (S=2), Co+3 (S=1) 4.00 4.01(LTC)
Mn+3 (S=2), Co+3 (S=0) 3.46 3.52(HTC)

Mn+4 (S=3/2), Co+2 (S=3/2) 3.88 4.01(LTC)
Mn+2 (S=5/2), Co+4 (S=5/2) 5.92
Mn+2 (S=5/2), Co+4 (S=3/2) 5.00
Mn+2 (S=5/2), Co+4 (S=1/2) 4.36

that the trivalent Mn ions are present in their high-spin state [Jon50]. The theo-

retical spin-only values of the magnetic moment per Mn-site ion, µso, in the param-

agnetic state, is calculated using the following equations (simple perovskite formula,

LaMn0.5Co0.5O3 is considered while calculating and comparing with the experimental

values).

µMn/Co = [4S(S + 1)]1/2 (3.1)

µso = [0.5µ2
Mn + 0.5µ2

Co]
1/2 (3.2)

where, S is the total spin on the metal ion. For La2MnCoO6, the spin-only value of

the paramagnetic moment, (µso), for various possible combinations of spin-states of

Mn and Co are compared with the experimental µeff values in Table 3.1.

The µeff obtained for the high-Tc phase is comparable to the spin-only moment

calculated for high-spin Mn+3 and low-spin Co+3. Then it may be concluded that

ferromagnetism arises in the high-Tc phase of the compound from Mn+3-O-Mn+3

superexchange interactions alone, as the low-spin Co+3 ions are non-magnetic (S = 0).

A previous report [Goo61], on ceramic samples also have suggested that this is the

origin of ferromagnetism in LaMn1−xCoxO3, though the x = 0.5 sample contained

mixed phases. In the above report, the compound is prepared at 1100 ◦C, so that it

is possible to have the high-Tc phase in relatively larger amount, and hence a majority
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of trivalent ions, as observed for the sample heated at 1100 ◦C in the present work

(see Figure 3.3). Another report on a sample synthesized by the decomposition of the

freeze-dried acetate salts, and annealed in air at 1100 ◦C, also shows the predominance

of high-spin Mn+3 and low-spin Co+3 [Elf00].

For the low-Tc phase (LTC), µeff is comparable to the spin-only moments cal-

culated for a combination of high-spin Mn+3 and intermediate-spin Co+3 (t52ge
1
g) as

well as for Mn+4 and high-spin Co+2. This phase of La2MnCoO6 can be compared

to the one reported, where the sample is heated above 1300 ◦C and have Mn+4 and

Co+2 ions, as confirmed by electrical resistivity and seebeck coefficient measurements

[Jon66]. Moreover, Θ and µeff in the above report are also comparable to that ob-

tained for LTC in the present study. Similarly, there are many more reports on the

x = 0.5 compositions, heated at or above 1300 ◦C, showing that Mn+4/Co+2 combi-

nation is the ground state [Par97, Bul01, Kyo03]. Based on these arguments, it may

be concluded that the Mn and Co ions are present as Mn+4 and Co+2 in the low-Tc

phase of La2MnCoO6. The slightly larger value of µeff for LTC, when compared

to µso, can be understood in terms of the contribution from spin-orbit coupling of

Co+2 as has been generally observed for Co+2 containing compounds [Mul76]. There-

fore, ferromagnetism in the low-Tc phase of La2MnCoO6 is from the Mn+4-O-Co+2

superexchange interactions, in agreement with the previous report [Jon66].

Non-magnetic substitution with isovalent ion

Magnetic properties of La2MnCoO6 after substitution of Al for Mn or Co have been

studied to obtain information on the spin-state of Co in the high-Tc phase. Al+3 ion

(0.535 Å) is comparable in size with low-spin Co+3 (0.545 Å), but smaller than high-

spin Mn+3 (0.645 Å). That is the structural strain in La2MnCoO6 (LMC) is already

lower than that of LaMnO3, as discussed in Section 1.4. Thus, replacing Mn or Co

by Al in LMC may not help to increase the ferromagnetic strength, by improving the
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Figure 3.11: Temperature variation of magnetization (H = 5000 Oe) of
La2MnCoO6 (LMC) and the Al-substituted samples, La2Mn0.8Al0.2CoO6 (LMAC),
and La2MnCo0.8Al0.2O6 (LMCA).

B-O-B angle to a noticeable extent. Therefore, a sizeable change in the magnetic

exchange strength, due to size effect is not expected. It was expected that if Co+3

is present in the low-spin state and ferromagnetism is due to Mn+3 alone, then there

will not be much effect on the Tc or magnetization when Co is partially replaced

by Al+3. On the other hand, relatively large effects are expected on replacement of

Mn+3 by Al+3. Under identical conditions as that was used for the high-Tc phase

of La2MnCoO6, two Al-substituted compositions, La2Mn0.8Al0.2CoO6 (LMAC) and

La2MnCo0.8Al0.2O6 (LMCA) were prepared by the low-temperature method and an-

nealed at 700 ◦C. Temperature variation of the magnetization of La2MnCoO6 (LMC),

LMAC, and LMCA are compared in Figure 3.11. When Al is substituted for Co, it is

found that the Tc or magnetization is not much affected, whereas when Al is substi-

tuted for Mn, the low temperature magnetization is drastically decreased and Tc is
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Table 3.2: Experimental and calculated ferromagnetic moments of Al substituted
La2MnCoO6, annealed at 700 ◦C. The values are for the simple perovskite formula
LaMn0.5Co0.5O3.

LMC LMAC LMCA
(µB) (µB) (µB)

Experimental (82 K, 15 kOe) 1.39 0.91 1.36
Mn+3 + Co+3 (S = 0) 2.0 1.6 2.0
Mn+3 + Co+3 (S = 1) 3.0 2.6 2.8
Mn+3 + Co+3 (S = 2) 4.0 3.6 3.6

shifted to lower temperatures considerably. The saturation magnetization, measured

at 82 K and 15 kOe, for the three compositions are compared with the expected

theoretical ferromagnetic moments in Table 3.2, assuming contributions from Mn+3

and different spin-states of Co+3. Though the experimental values are much less than

that of the theoretical values, due to the lower magnetic field and higher tempera-

ture of measurement, it may be seen that the experimental values are comparable

for the unsubstituted and Co-site substituted compositions. La2MnCoO6 attains full

magnetic saturation only at very low temperatures and under very high magnetic

fields [Goo61]. The drastic drop in the observed saturation magnetization when Mn

is replaced by Al is in accordance with the decrease in the expected ferromagnetic

saturation moment when Co+3 is in the low-spin state. This clearly indicates that the

Co+3 ions do not contribute much to magnetism in the high-Tc phase of La2MnCoO6

and that the contribution to ferromagnetism is mainly from Mn+3 ions.

XPS studies

The identical Curie temperatures of the low-temperature synthesized La2MnCoO6,

annealed at 200 ◦C (LMC200) and 1300 ◦C (LMC1300) is an indication for the for-

mation of the low-Tc phase of the compound at low temperatures, containing Mn+4

and Co+2 ions. If this phase is formed initially at low temperatures, then it is con-
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Figure 3.12: XPS valence band spectra of La2MnCoO6, annealed at 700 and 1300 ◦C.
Inset: XPS valence band spectra of the unscraped surface of the sample annealed at
700 ◦C.

verted to the high-Tc phase after heating to 700 ◦C (LMC700) because of a possible

charge disproportionation Mn+4+Co+2 → Mn+3+Co+3 and further converted back

to the low-Tc phase after annealing at higher temperatures due to the charge dispro-

portionation Mn+3+Co+3 → Mn+4+Co+2. To verify these arguments, XPS studies

were made on the three samples annealed at 200, 700, and 1300 ◦C.

The valence band x-ray photoelectron spectra (XPS) of the two different phases

of La2MnCoO6, LMC700 and LMC1300 are shown in Figure 3.12. A broad peak

around 10 eV, which was observed in the unscraped samples (see inset of Figure 3.12)

is absent in the spectra indicating that the sample surface is free from contamination.

Identical valence band features are observed for both the phases and the features are

similar to those reported for LaCoO3 [Cha92].

The 2p core-level XPS of the transition metal ions is known to be very sensitive
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Figure 3.13: Co2p XPS of La2MnCoO6, (a) high-Tc phase, (b) sample heated to 1200
◦C, (c) sample heated to 1300 ◦C for 6 h, and (d) low-Tc phase.

to their 3d electron content. However, under the same octahedral coordination en-

vironment, Co 2p binding energy (BE) is lower for low-spin Co+3, when compared

to that of high-spin Co+2, contrary to what is observed for other transition metal

ions [Bri74]. 2p core-level XPS of Co in the two different phases of La2MnCoO6 are

shown in Figure 3.13 (curves a & d). 2p core-level XPS of Co in two mixed phase

samples (see Figure 3.3) showing magnetic transitions between 150 and 230 K are

also compared in the figure (curves b & c). The spectra are almost identical, the

2p3/2 peak of the low-Tc phase (curve d) is observed at a slightly higher BE compared

to that of the high-Tc phase (curve a). The mixed phase sample undergoing a major

magnetic transition close to the Tc of the high-Tc phase of the compound shows a Co

2p3/2 XPS peak (curve b) at the BE of the peak of the high-Tc phase, whereas the

mixed phase sample undergoing a major magnetic transition close to the Tc of the

low-Tc phase of the compound shows the Co 2p3/2 XPS peak (curve c) at the BE of
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Figure 3.14: Mn 2p XPS of La2MnCoO6, (a) high-Tc phase, (b) sample heated to
1200 ◦C, (c) sample heated to 1300 ◦C for 6 h, and (d) low-Tc phase.

the peak of the low-Tc phase. This indicates that the observed difference in the BEs

of the two single phase compounds is not due to any experimental error and that the

spin-states of Co are different in the two different phases of La2MnCoO6.

The Co 2p3/2 peaks are observed at 779.6 and 780.1 eV, respectively, for the

high-Tc and low-Tc phases of La2MnCoO6. These values are comparable to that

observed for Co+3 in LaCoO3 and LiCoO2, in which the trivalent Co ions are re-

ported to be in the low-spin configuration and for Co+2 in CoO with high-spin Co+2,

respectively [Lom83, Van91]. Majority of the cobalt ions in the two mixed phase

samples have their spin-states closer to that of the spin-state of Co in either one

of the two single phases. Recent XPS studies and electronic structure calculations

[Kor96, Sai97b, Fla99, Tho00] have indicated that the intermediate-spin state (t52ge
1
g)

is the most probable spin-state of trivalent Co ions in LaCoO3 and La1−xSrxCoO3 at

room temperature. On the other hand, x-ray absorption spectroscopic (XAS) studies
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indicate a low-spin state of Co+3 in LaCoO3, at room temperature [Abb93]. Hence,

it is possible that the Co ions are present as low-spin and/or intermediate-spin Co+3

in the high-Tc phase of La2MnCoO6. In the low-Tc phase of La2MnCoO6, cobalt ions

are present as high-spin Co+2.

XPS of Mn 2p in the two phases of La2MnCoO6 (curves a & d) and in the samples

containing mixed phases (curves b & c), shown in Figure 3.14, are also indicative

of different spin-states of Mn in the two different phases. The 2p3/2 peaks of Mn in

the high-Tc and low-Tc phases of the compound are observed at 641.6 eV and 641.9

eV, respectively. The BE of the Mn 2p3/2 peak of the mixed phase sample showing

a higher magnetic transition temperature is close (curve b) to that of the high-Tc

phase and for the second mixed phase sample the BE is close (curve c) to that of the

low-Tc phase of the compound. This is similar to that observed in the Co 2p XPS of

the mixed phase samples, indicating a difference in the oxidation state of Mn in the

two different phases of La2MnCoO6. The observed difference in the BE of the 2p3/2

peak in the two phases is comparable to that reported for Mn2O3 and MnO2 where

the Mn ions are present as Mn+3 and Mn+4, respectively [Oku75] or that observed

in the Mn 2p XPS of La1−xSrxMnO3, [Sai95] where a maximum difference of 0.4

eV is obtained for x = 0 (Mn+3) and x = 0.9 (predominantly Mn+4). The present

observation indicates lower valence state of Mn (as Mn+3) in the high-Tc phase and

higher valence state of Mn (as Mn+4) in the low-Tc phase of La2MnCoO6 and the

BE values are in-line with the reported values. These valence states of Mn in the

two phases are in accordance with that found for Co in the same phases (trivalent

Mn when Co is trivalent and tetravalent Mn when Co is divalent), which take care of

oxygen stoichiometry and preserve charge neutrality.

The XPS results give evidence for the different valence states of Mn and Co in

the two different phases of La2MnCoO6. It is very difficult to distinguish the actual

spin-state of Co+3 from XPS studies. It is possible that in the case of La2MnCoO6
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Figure 3.15: Mn 2p XPS of La2MnCoO6 annealed at 200, 700, 1300 ◦C.

also Co+3 may be in the low or intermediate spin-state as observed in LaCoO3 from

XAS and XPS studies. However, the effective paramagnetic moment (calculated from

Curie-Weiss fit to the paramagnetic susceptibility at high temperatures) of the phase

with Tc ≈ 230 K is comparable to the spin-only value calculated for Mn+3 and low-

spin Co+3 (µeff = 3.52 µB, µso = 3.46 µB). The effective moment is comparatively

less than the spin-only moment calculated for Mn+3 and intermediate-spin Co+3 (µso

= 4.0 µB). This implies that the trivalent cobalt ions are likely to be present in

their low-spin state in the high-Tc phase of La2MnCoO6. If this is correct, then it

may be expected that ferromagnetism in this phase arises only from Mn+3-O-Mn+3

superexchange interactions.

Evidence for the identical spin-states of Mn and Co in LMC200 and LMC1300,

showing identical Curie temperatures, is also obtained from core-level XPS studies.

The 2p core-level XPS of Mn and Co in La2MnCoO6 are compared in Figure 3.15

and Figure 3.16, respectively, for LMC200, LMC700, and LMC1300. The Mn and
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Figure 3.16: Co 2p XPS of La2MnCoO6 annealed at 200, 700, 1300 ◦C.

Co 2p3/2 peaks are observed at the same binding energies for LMC200 and LMC1300

whereas these peaks are observed at lower binding energies for LMC700. The identi-

cal Mn and Co 2p3/2 XPS binding energies of LMC200 and LMC1300 then indicates

that the spin-states of Mn and Co are identical in the samples processed at very

low temperatures (200 ◦C) and at very high temperatures (1300 ◦C). This then ex-

plains why the magnetic transition temperatures are almost identical for LMC200

and LMC1300, ignoring the relatively broader magnetic transition of LMC200 which

is due to the smaller particle sizes of the sample. This also confirms a double charge

disproportionation Mn+4 + Co+2 → Mn+3 + Co+3 → Mn+4 + Co+2, as occurring

when the samples are annealed in the temperature range 200–1300 ◦C.
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3.2 Mn-rich compositions (0 < x < 0.5)

Studies on Mn-rich compositions are important to understand the origin of ferro-

magnetism when Mn in the A-type antiferromagnetic LaMnO3 is replaced by other

ions. Even though different transition metal ions can be substituted in the Mn-site,

ferromagnetism does not result in all the cases. In many of the cases, the incipient

ferromagnetic behaviour vanishes quickly with the increase in the concentration of

the substituent in the Mn-rich region (see Section 1.4). However, as it is evident

that LaMn1−xCoxO3 is ferromagnetic when x = 0.5, it is possible that other com-

positions in the Mn-rich region are also ferromagnetic. Therefore, detailed studies

on these Mn-rich compositions are expected to give information on the evolution of

ferromagnetism in LaMnO3 on partial replacement of Mn by Co.

3.2.1 Background

In the case of Mn-rich LaMn1−xCoxO3 (x < 0.5) compounds, the magnetic data in

various reports accede to the fact that all compositions are ferromagnetic and Curie

temperature increases with the increasing concentration of Co. As it is elaborated

in Section 3.1, the nominal composition, La2MnCoO6, show unprecedented magnetic

behaviour, due to its metastable ferromagnetic phases. This underpins the relevance

of studying the x < 0.5 region also, to look for the plausibility for any metastable

phases in this compositional region. The most important issue about the Mn-rich

compositions is another one; that is the contradicting reports about the spin-states of

Mn and Co ions. Therefore, it is expected that the knowledge about the metastable

phases of x = 0.5 may shed light on the underlying cause for these conflicts.

There are as many contradicting reports about the origin of ferromagnetism, as

that about the spin-states of Co and Mn. Some reports stick to the divalent nature

of Co and the positive Mn+4-O-Co+2 superexchange or the Mn+3-O-Mn+4 double
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exchange as the origin of ferromagnetism. Also, trivalent nature of Co is equally

reported, with positive isotropic Mn+3-O-Mn+3 superexchange. However, the crystal

structure is reported to be orthorhombic in the range 0.1 ≤ x ≤ 0.4, in most of

the cases [Gil57, Nar85, Elf00]. The orthorhombic structure of these compositions

is not unexpected, when compared to that of stoichiometric LaMnO3. The Mn-rich

compositions in LaMn1−xCoxO3 (x < 0.5) are studied in this work, based on the

understanding of the influence of the processing conditions on the properties of x

= 0.5, to gain information on the spin-states of Co and Mn, crystal structure and

ferromagnetic phases. Temperature variation of the zero field cooled magnetization of

the samples, synthesized by the low-temperature and the ceramic methods, annealed

at different temperatures, for all compositions, are measured first to optimize the

conditions at which the ferromagnetic phases of different compositions are formed in

single phase forms.

3.2.2 Magnetic measurements

Figure 3.17 shows the ZFC magnetization curves of the low-temperature synthesized

LaMn1−xCoxO3 (0 < x ≤ 0.5) samples annealed at 200 ◦C. All the compositions be-

have almost identical in terms of the magnetic transition temperature. This indicate

that the magnetic transition is hardly dependent on the amount of Co. It was dif-

ficult to determine the Mn+4 content in the 200 ◦C annealed samples, using oxygen

estimation, because of the high carbon content. From XPS studies, it was found that

Mn and Co ions are present as Mn+4 and Co+2 (high-spin) in La2MnCoO6, i.e., for

the samples annealed at 200 ◦C of x = 0.5 (see Section 3.1.5). Therefore, it can be

assumed that all the 200 ◦C annealed Mn-rich LaMn1−xCoxO3 compositions may con-

tain at least an equivalent amount of Mn+4 as that of Co [Heb02a]. And the identical

magnetic transition temperatures for all compositions may be originating from the ion

common to them, i.e. Mn+4. So, there are two possible positive superexchanges, viz.,
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Figure 3.17: Comparison of the ZFC magnetization curves of samples annealed at
200 ◦C, for different compositions.

Mn+4-O-Co+2 and Mn+3-O-Mn+4, capable of generating ferromagnetism, depending

up on the concentration of Co. Since, both these exchanges are moderately ferromag-

netic [Goo63], their strengths can be considered to be equal. Therefore, at lower Co

concentrations, Mn+3-O-Mn+4 will be the dominating superexchange mechanism and

the Mn+4-O-Co+2 superexchange for higher Co content. As a result of this, all the

Mn-rich (0 < x ≤ 0.5) compositions behave magnetically almost identical. Here, the

contribution from Mn+3-O-Mn+3 superexchange will be negligible, even at lower Co

concentrations, due to the randomness in the distribution of Mn+3 and Mn+4 ions.

Figures 3.18, 3.19 and 3.20 show the effect of annealing of the low-temperature

synthesized samples at different temperatures, for x = 0.125 (2/16), 0.25 (4/16) and

0.375 (6/16), respectively. In the case of x = 0.125, the sample annealed at 700 ◦C

shows multiple magnetic transitions, one at ∼180 K and the second one at the same

temperature as in the case of the sample annealed at 200 ◦C. Again, a single sharp
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Figure 3.18: ZFC magnetization curves of x = 0.125, for samples annealed at different
temperatures
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Figure 3.19: ZFC magnetization curves of x = 0.25, for samples annealed at different
temperatures
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Figure 3.20: ZFC magnetization curves of x = 0.375, for samples annealed at different
temperatures

magnetic transition is obtained below 140 K after annealing at 1000 ◦C and the Tc

is further increased to 150 K after annealing at 1300 ◦C. Almost similar behaviour is

observed for the other two compositions also. For x = 0.25, a single, but relatively

broad, magnetic transition close to ∼200 K is observed for the sample annealed at

700 ◦C and the magnetic transition temperature decreases with increasing annealing

temperature. However, after increasing the annealing temperature from 1300 to 1350

◦C, the Tc increases and becomes identical to that of the sample annealed at 700

◦C. It is interesting to note that one of the transition temperatures observed for x =

0.125 for the sample annealed at 700 ◦C is at the Tc of x = 0.25 annealed at 1000 ◦C.

On the other hand, for x = 0.375, the Tc s are highest and identical for the samples

annealed at 700 and 1350 ◦C, a sharp magnetic transition with a Tc lower by 25 K is

observed for the samples annealed at 1000 ◦C and mixed phase behaviour is observed

for the sample annealed at 1300 ◦C.
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Figure 3.21: ZFC magnetization curves of x = 0.3, for samples annealed at different
temperatures

Similar annealing temperature dependence of the magnetic transition is observed

when the concentration of Co is varied by fractions of 10, as shown in Figure 3.21

for one of the compositions. As shown in the figure, for x = 0.3, multiple phase-

like behaviour is observed when annealed at 1300 ◦C and Tc increases and become

identical to the sample annealed at 700 ◦C, upon annealing at 1350 ◦C.

For all the compositions containing larger amounts of Co (x > 0.125), highest

magnetic transition temperature is observed for the samples annealed at 700 ◦C. Fig-

ure 3.22 compares the ZFC magnetization curves of all samples in the Mn-rich region

of LaMn1−xCoxO3, annealed at 700 ◦C. The corresponding curve of a composition

with x > 0.5 is also shown in the figure for comparison. The magnetic transitions

are very broad for x = 1/16 and 2/16, with the onset of a magnetic transition below

∼185 K. The sharpness of the magnetic transition as well as the magnetic transition

temperature increases with increasing concentration of Co. The highest transition
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Figure 3.22: Comparison of the ZFC magnetization curves of all compositions, for
samples annealed at 700 ◦C for 12 hours.

temperature is observed for x close to 0.5. Further increasing the concentration of

Co above x = 0.5 causes the formation of multiple ferromagnetic phases (as discussed

in Section 3.3). Interestingly, all the Mn-rich samples show the tendency to form a

new ferromagnetic phase with a higher and different Tcs (compared to the identi-

cal Tcs observed for the samples annealed at 200 ◦C). Those Mn-rich compositions

for which x is close to zero show an incipient high temperature magnetic transition

whereas, those near to x = 0.5 form pure phases with sharp magnetic transitions.

By comparing with the results obtained for the x = 0.5 composition annealed at

700 ◦C, it is possible that, in all the compositions, Mn and Co may undergo either

a redistribution of charges or a redistribution of ions, in common. The fact that

an increase in the Curie temperature is observed in all the Mn-rich compounds, the

observed anomalies are expected to be due to the reduction of Mn+4 to Mn+3 after

annealing at ≈ 700◦C. This argument is supported by the fact that the ground state
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of Mn and Co ions in the high-Tc phase of La2MnCoO6, formed at 700 ◦C, is Mn+3

and low-spin Co+3 (Section 3.1.5). But, this observation is opposed by the reports

showing that the reaction Mn+4+ Co+2Mn+3+ Co+3 is biased to left by 0.2–0.3

eV [Jon66, Nar85, Par97, Par99, Das03]. The reduction in energy corresponds to the

difference in the ionization energies of Mn+3 and Co+2. The thermal energy corre-

sponding to an annealing temperature of 700 ◦C is only 0.08 eV and therefore, the

trivalent ion formation is energetically unfavorable. Nevertheless, there are reports

indicating that, in spite of this energy bias, such a charge redistribution can reduce

the elastic energy [Das03]. Neutron diffraction studies on the LaMn1−xGaxO3 series

give information about the retention of the alternate-ferromagnetic (001) planes of

LaMnO3, even though the trivalent Ga and Mn ions are of similar sizes, i.e., the

Mn and Ga ions occupy alternate (001) planes. For 50% Ga, the B-site ions are

randomly distributed, but the ferromagnetic sheets in the (001) planes of the A-type

LaMnO3 are retained [Cus01]. For 0 < x < 0.4, Ga orders into the alternate (001)

ferromagnetic planes [Goo61]. Here, the driving force for the ion ordering is sug-

gested to be the relief in elastic energy associated with the static orbital ordering in

the O′-orthorhombic structure. Similarly, in the case of Ni-substituted LaMnO3, it

is predicted that the reaction Mn+3+ Ni+3Mn+4 + Ni+2 can be biased either to

the right or to left depending up on the Mn concentration, the temperature and the

degree of ionic-ordering [Vas84]. This is most likely happening in the present case

also.

Therefore, an ordering of Mn and Co ions in the alternate (001) planes, facili-

tating a cooperative Jahn-Teller distortion, may be the reason for the formation of

the trivalent ions at 700 ◦C. In short, it may be concluded that, Mn+3, Mn+4 and

Co+2 ions are somewhat randomly distributed in the samples annealed at 200 ◦C,

showing similar magnetic transition temperatures. While increasing the annealing

temperature to 700 ◦C, gradually these ions become more ordered in the lattice. This
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ordering is most likely by the charge redistribution, Mn+4 + Co+2→ Mn+3 + Co+3,in

such a way that the trivalent Mn ions are present mostly in the alternate (001) planes

and trivalent Co in the remaining (001) planes. The ion ordering by an ion redis-

tribution may not be possible at a comparatively lower temperature such as 700 ◦C.

Another supporting fact for the trivalent ion formation is that, the average ionic size

of the Mn-site ions decreases considerably by this process and thereby decreasing the

structural stress. This can be understood from the effective average ionic radii of the

two possibilities, viz., 0.6375 Å = (0.745 Å for Co+2(HS) + 0.530 Å for Mn+4)/2 and

0.595 Å = (0.545 Å for Co+3(LS) + 0.645 Å for Mn+3(HS)).

The ZFC magnetization behaviour of LaMn1−xCoxO3 is highly peculiar after an-

nealing at 700 ◦C (See Figure 3.22). The samples with x = 1/16 and 2/16 (curves

2 and 3) show a sharp rise in magnetization at a temperature which is matching

with the Tc of x = 4/16 (curve 5), 183 K. Similarly there is an incipient rise in the

magnetization of 3/16, at ∼185 K. This temperature is at the magnetic transition

temperature for x = 4/16. The compositions with x = 1/16, 2/16, and 3/16 are

therefore under the influence of a composition x = 4/16 which can be formed more

easily (may be because of the possible ordering of Mn and Co at this concentration).

All the compositions in the range 3/16 ≤ x ≤ 8/16 show only one transition, whose

broadness decreases with the increase in x. Similar to the behaviour of the lower Co

concentrations, which are affected by the presence of x = 4/16 in the samples, the

compositions in the higher range, close to x = 0.5, are also affected by the prefer-

ential formation of this composition. The extreme Mn-rich compositions (x = 6/16

and 7/16; curves 8 and 9) are showing the initial-rise in the magnetization coinciding

with that of the Tc of x = 8/16 at 225 K. Another noticeable feature is that the

magnetization curve of x = 9/16 is a replica of the curve of x = 1/16.

The ZFC magnetization curves of the Mn-rich LaMn1−xCoxO3 samples, annealed

at 1000 ◦C, are shown in Figure 3.23. Unlike in the case of annealing at 700 ◦C,
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Figure 3.23: ZFC magnetization curves of all compositions, for samples annealed at
1000 ◦C

all the Mn-rich samples, except x =8/16 and 9/16 show relatively sharp magnetic

transitions. The high-Tc ferromagnetic phase of x = 8/16, as already discussed in the

Section 3.1.3, is formed only when annealed in a narrow temperature range close to

700 ◦C and it starts showing the signature of a mixed phase character on annealing

above 700 ◦C. Similarly, the 9/16 samples even after annealing at 1000 ◦C does not

show a single ferromagnetic phase character.

The magnetic transition temperature increases with the increase in the Co con-

centration for the samples annealed at 700 and 1000 ◦C, though the Tcs are slightly

different for the corresponding compositions. Higher Tcs are observed for the 700 ◦C

annealed samples. However, the magnetic transitions of these samples are some what

broader than those of the 1000 ◦C annealed samples. This is probably because of the

conversion of the Mn+4 and Co+2 present (equivalent to the amount of substituted

Co) in the samples annealed at 200 ◦C to Mn+3 and Co+3, as observed in the case
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of La2MnCoO6. For La2MnCoO6, a high-Tc phase with Mn+3 and Co+3 is formed

after annealing at this temperature. As discussed, there is a tendency to form the x

= 0.5 compositions, in which Mn and Co ions are ordered in specific lattice sites, for

those compositions close to x = 0.5. Therefore, the higher Tcs and broader magnetic

transitions observed for these compositions, formed at 700 ◦C, can be due to this

influence, i.e. the compounds are not truly single phasic. Further annealing at 1000

◦C converts all compositions to single phase forms with the Mn+3 and Co+3 ions in

the proper lattice sites.

The most surprising observation is that the Curie temperatures of all the Mn-rich

samples, after annealing at 1300 ◦C, decreases to a narrow temperature range of 145-

150 K, irrespective of the Co content, as shown in Figure 3.24. This is analogous

to the case of the samples annealed at 200 ◦C, where transition temperatures of all

the samples lie in the range 120-140 K. This shows that a second redistribution of

charge or ion is occurring in LaMn1−xCoxO3 when annealed at higher temperatures.

The studies on the spin-states of La2MnCoO6 samples annealed at 1300 ◦C showed

that the ground state for the ions is Mn+4/Co+2 and it is supported by many of the

reports in the literature (see Section 3.1.5).

For samples annealed at 1300 ◦C, unlike in the case of the samples annealed at 700

◦C, an ion redistribution is most likely driving the reaction, Mn+4+ Co+2Mn+3+

Co+3, to the left hand side. This argument is supported by the fact that the miscibility

gap between the two end members, in LaMn1−xCoxO3, disappears at 1100 ◦C [Kyo04]

or 1300 ◦C [Jon66]. Therefore, a redistribution of ions into alternating (111) planes

results. This happens because, in the case of (001) ordering, a given (001) face of

a unit cell with one type of ion will have a different dimension from that of the

opposite (001) face with a different ion, generating stress in the bonds. Whereas, in

the case of (111) ordering, opposite faces contain different ions, avoiding a difference

in dimensions. Thus, when the ions are (111) ordered, the need for a structural
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Figure 3.24: ZFC magnetization curves of all compositions, for samples annealed at
1300 ◦C

stabilization by cooperative Jahn-Teller ordering is less. Hence the Mn+3 is oxidized

to Mn+4, with a concomitant reduction of Co+3 to Co+2, which also is favorable

by ionization energy considerations. This tendency for ordering is visible from the

variation of lattice parameters with the concentration of Co (as discussed in next

section with respect to Figure 3.31).

This ordering is probably because of the increasing Mn+3-O-Co+3 superexchange

across the (001) planes and isotropic Mn+3-O-Mn+3 superexchange within the Mn-

rich (001) planes. Naturally, the Co-rich (001) planes will not contribute to the

ordering of the moments, owing to its low-spin state and instead it supports the inter

planar superexchange. The common Tc of the compositions in the samples annealed

at 200 and 1300 ◦C are probably due to Mn+4-O-Mn+3 superexchange at lower x and

Mn+4-O-Co+2 superexchange at higher x, in the Mn-rich limit, even though the latter

samples will have a (111) ordering.
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Figure 3.25: ZFC magnetization curves of x = 0.2 composition synthesized by the
ceramic method and heated at different temperatures, as indicated.
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Figure 3.26: ZFC magnetization curves of x = 0.3 composition synthesized by the
ceramic method and heated at different temperatures, as indicated.
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In the case of LaMn1−xCoxO3 samples synthesized by the high-temperature ce-

ramic method, a different scenario is observed. Figures 3.25 and 3.26 show the ZFC

magnetization curves of the ceramic samples of x = 0.2 and 0.3, respectively, heated

at different temperatures in the range 1000–1300 ◦C. In both cases, the samples

heated at 1000 ◦C show higher magnetic transition temperatures which are decreased

after heating at 1100 ◦C. Further heatings at higher temperatures or at the highest

temperature (1300 ◦C) for longer durations increase the sharpness of the magnetic

transition. The magnetic transition temperatures observed for the ceramic samples

after final annealing at 1300 ◦C and the low-temperature synthesized samples an-

nealed at 1000 ◦C are comparable. However the magnetic transition temperatures

are sharper for the low-temperature synthesized samples.

Thus the studies on different Mn-rich compositions in LaMn1−xCoxO3, synthesized

by a low-temperature method as well as the high-temperature method and annealed

at different temperatures show that the magnetic transition temperatures depend on

the annealing temperatures and methods of synthesis. It is very difficult to define the

magnetic transition temperatures of different compositions in the Mn-rich region.

3.2.3 Powder XRD studies

All the compositions prepared by the low-temperature method, after annealing at 200

◦C, show similar characteristics in the powder XRD patterns, as shown in Figure 3.27.

As observed in the case of the x = 0.5 composition (La2MnCoO6), a weak and broad

reflection is observed in all cases below the most intense peak, as indicated by the

arrow in the figure. This feature is found to disappear after annealing above 500 ◦C.

The perovskite feature is predominant in all the spectra. Refinement of the diffraction

patterns were not successful due to the broadness of the profiles.

Figure 3.28 compares the powder XRD patterns of the x = 0.375 composition,

after annealing at 700, 1000, 1300 and 1350 ◦C. From magnetization studies, it was
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Figure 3.27: XRD patterns of Mn-rich LaMn1−xCoxO3, annealed at 200◦C.
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Figure 3.28: XRD patterns of x = 0.375 in LaMn1−xCoxO3 compositions, annealed
at different temperatures.
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Figure 3.29: XRD patterns of low-temperature synthesized LaMn1−xCoxO3, annealed
at 1000 ◦C.

found that the Tcs are comparable for the samples annealed at 700 and 1350 ◦C,

having the highest Tc. The sample annealed at 1000 ◦C showed a sharp magnetic

transition at a lower temperature and mixed phase behaviour was observed after

annealing at 1300 ◦C. The XRD figures show that there is not much difference in

the nature of the patterns. All XRD patterns correspond to that of orthorhombic

perovskite phases with comparable lattice parameters. No indication for any mixed

phase behaviour is observed for the 1300 ◦C annealed sample. The samples annealed

in the temperature range of 700-1350 ◦C, for all other compositions, showed similar

XRD patterns as that of the respective high-temperature annealed samples and there

was no evidence for any structural phase transitions after high temperature annealing.

Figure 3.29 compares the powder XRD patterns of some samples annealed at 1000

◦C. All the patterns are alike and could be indexed to an orthorhombic unit cell. The

unit cell parameters were found to be varying randomly, indicating a possible ordering
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Figure 3.30: XRD patterns of Mn-rich LaMn1−xCoxO3 compositions, annealed at
1300◦C.

of Mn and Co ions in the lattice ( Végard’s law).

The XRD patterns of the low-temperature synthesized samples, formed after an-

nealing at 1300 ◦C are compared in Figure 3.30. ZFC magnetization measurements

showed that some of these sample contain mixed ferromagnetic phases. However, all

the patterns show clear orthorhombic perovskite nature without any impurity phases

and are refined well with orthorhombic Pbnm space group. The variation of the or-

thorhombic lattice parameters with the concentration of Co is given in Figure 3.31.

An apparent decrease in the lattice parameters on increasing the concentration of Co
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Figure 3.31: Variation of orthorhombic cell parameters as a function of the concen-
tration of Co, for Mn-rich compositions, for samples annealed at 1300 ◦C.

is observed.

The overall results from powder XRD studies indicate that it is not possible to get

any information on the formation of a particular phase from powder XRD studies.

3.3 Co-rich compositions (0.5 < x < 1)

Usually, studies on Mn-site substituted LaMnO3 neglect the region containing more

than 50% of the substituent ion. One of the reasons for the lack of interest in this

compositional region is that in all the cases of more than 50% substitution, ferromag-

netism is considerably weak, lacking the characteristics of a well defined ferromagnetic

transition. However, a study of LaMn1−xMxO3 solid solution series is never complete

without the studies on the M -rich compounds (x > 0.5). Such studies help to under-

stand the concentration up to which the structural and magnetic features of the end

members LaMnO3 and LaMO3 persists. e.g. A-type magnetic order of LaMnO3 is
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found to disappear at 15% Cr+3 substitution, whereas the G-type structure of LaCrO3

is found to persist up to 60% of Mn+3 [Ben57].

3.3.1 Background

In comparison with the crystal structure of the end member LaCoO3, the Co-rich

compounds in LaMn1−xCoxO3 are reported to have a rhombohedral structure [Jon66,

Nar85, Wu94, Aru00, Elf00]. The most important issue to be sorted out in the

case of Co-rich LaMn1−xCoxO3 (x >0.5) compositions is whether they show genuine

ferromagnetic behaviour or not. All the reports indicate that x = 0.5 composition

has the highest Tc. However, there are no agreements among the reports on the

concentration of Co, up to which ferromagnetism exists. For example, there are

different reports on the existence of ferromagnetism up to x = 0.7 [Nar82], up to

x = 0.8 [Tro00], up to x = 0.9 [Dey67], etc. According to these reports, there

is a significant decrease in magnetization with increasing Co concentration, in this

compositional region. This observation gives some indication on the weakening of

ferromagnetism beyond a particular concentration of Co. The contradictions about

spin-states and magnetic exchanges persists in the Co-rich region as well. In short, it

is necessary to examine the magnetic behaviour of Co-rich compositions meticulously.

3.3.2 Magnetic measurements

The zero field cooled (ZFC) magnetization curves of LaMn0.4Co0.6O3 (x = 0.6) and

LaMn0.2Co0.8O3 (x = 0.8) samples, synthesized by the ceramic and low-temperature

methods and annealed at different temperatures, are compared in Figure 3.32 and

Figure 3.33, respectively. The magnetization curves of the two phases of La2MnCoO6

are also shown in Figure 3.32 for comparison. For both the ceramic and the low-

temperature synthesized samples of x = 0.6 and 0.8, a magnetic transition is observed
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Figure 3.32: Comparison of the ZFC magnetization curves of LaMn0.4Co0.6O3 samples
prepared by ceramic (a) and low-temperature (b) methods and annealed at different
temperatures. The magnetization curves of the two phases of La2MnCoO6 are shown
as thick lines for comparison.

at the Tc (∼230 K) of the high-Tc phase of La2MnCoO6, when processed below 1100

◦C. Similarly, the samples processed at higher temperatures show a magnetic transi-

tion at the Tc (∼150 K) of the low-Tc phase of La2MnCoO6. For x = 0.8, no magnetic

transition is observed for the low-temperature synthesized sample processed at higher

temperatures though the corresponding ceramic sample shows a weak magnetic tran-

sition at ∼150 K. For x = 0.8, Tc ≈ 140 K is reported by Troyanchuk it et.al [Tro00].

The value of magnetization is lower for x = 0.8 when compared to that of x = 0.6

and the magnetization is relatively lower for the low-temperature synthesized sam-
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Figure 3.33: Comparison of the ZFC magnetization curves of LaMn0.2Co0.8O3 samples
prepared by ceramic (a) and low-temperature (b) methods and annealed at different
temperatures. The arrows indicate the Curie temperatures of the two phases of
La2MnCoO6.

ples. Similarly, the magnitude of magnetization is an order of magnitude less for this

compositions, when compared to those in the Mn-rich region (see Section 3.2.2).

To show the effect of preparation conditions on the magnetic properties of Mn-rich

compositions, the magnetization curves of LaMn0.7Co0.3O3, prepared by the two dif-

ferent methods and processed at low- and high-temperatures are compared in Figure

3.34. The ceramic sample processed at lower temperatures shows a small increase in

magnetization at the Tc of the high-Tc phase of La2MnCoO6 whereas no such mixed

phase behaviour is observed for the sample prepared by the low-temperature method.
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Figure 3.34: Comparison of the ZFC magnetization curves of LaMn0.7Co0.3O3 samples
prepared by ceramic (a) and low-temperature (b) methods and annealed at two dif-
ferent temperatures. The arrow indicate the Tc of the high-Tc phase of La2MnCoO6.

The two sets of samples show magnetic transitions at almost identical temperatures,

but different from that of the Tcs of the two phases of La2MnCoO6. Similar results

were obtained for other compositions for x < 0.5.

For x > 0.5, samples processed at different temperatures show weak and broad

magnetic transitions. The magnetic transitions of these compositions processed at low

temperatures are at the Tc (225 K) of the high-Tc phase of x = 0.5 and at the Tc (145

K) of the low-Tc phase of x = 0.5 when processed at high temperatures. Magnetic

transitions are observed at intermediate temperatures, between 150 and 230 K, for the
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Figure 3.35: Magnetization curves for x ≤ 0.5 (a) and x > 0.5 (b), synthesized by the
low-temperature method and heated at 1000 ◦C. The curves of x = 0.7 and 0.8 are
multiplied by 2 and 10, respectively, to show the weak magnetic transition at ∼230
K.

samples annealed in the temperature range 700–1300 ◦C, similar to that observed for

x = 0.5. For x > 0.5 compositions the observed Tcs cannot be considered as the true

magnetic transition temperature. The magnetization curves of some compositions

for x ≤ 0.5 and x > 0.5, synthesized by the low temperature method and annealed

at 1000 ◦C are compared along with that of x = 0.5, in Figure 3.35. For x <

0.5, single sharp magnetic transitions are observed at different temperatures and the

Curie temperature varies with x. On the other hand, for x > 0.5, a weak magnetic

transition, with decreasing magnitude of magnetization with increasing x, is observed
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at the Tc of the high-Tc phase of x = 0.5. This suggests that the x > 0.5 samples

are not truly homogeneous and the broad and multiple magnetic transitions suggest

mixed phase behaviour.

Thus, the results show that, in all samples for x > 0.5 in LaMn1−xCoxO3, frac-

tions of one of the phases of La2MnCoO6 is present, depending on the annealing

temperature. The amount of the ferromagnetic phase decreases with increasing x

and multiple magnetic transitions are observed when both the phases of x = 0.5 are

present together, showing an apparent value of magnetization for higher values of x

due to mixed phase behaviour. From these results, it may be concluded that the

Co-rich compositions (x > 0.5) in LaMn1−xCoxO3 are not truly ferromagnetic.

3.3.3 Powder XRD studies

There is not much relevance for the studies on the structural characteristics of the

compositions in the Co-rich region, after observing from the magnetization studies

that all compositions in this region are not truly single phase and show magnetic

transitions at the Tcs of the x = 0.5 composition. However, it would be interesting

to look at the powder XRD patterns of some of the samples to see if the mixed

phase behaviour can be detected from such studies. Such studies in the Mn-rich

region did not give sufficient information on the mixed phase behaviour. Figure 3.36

shows the powder x-ray diffraction patterns of the low-temperature synthesized Co-

rich compositions (0.5 ≤ x ≤ 1), after annealing in the temperature range 1300-1350

◦C. For x = 0.5, the crystal structure is orthorhombic and the structure of x = 1

is rhombohedral. It may be seen that just by increasing the Co content from 0.5 to

0.56 the crystal structure changes from orthorhombic to rhombohedral (as observed

in by the splitting of the most intense peak). All the XRD patterns of the Co-rich

compositions are refined well with rhombohedral R3c symmetry. The variation of

the rhombohedral lattice parameter, a, with the concentration of Co, is shown in



Co substituted LaMnO3 118

20 30 40 50 60

Co

1.0
0.90
0.80

0.75

0.70

0.60

0.5625

0.50

Annealed at or above 1300 oC

In
te

ns
ity

 (a
rb

.u
ni

ts
)

2  (degree)

Figure 3.36: XRD patterns of LaMn1−xCoxO3, annealed at or above 1300◦C.

Figure 3.37. More importantly, it is not possible to get any information from the

XRD patterns about the multiple phase behaviour, as evidenced from the magnetic

measurements.

3.4 Conclusions

Magnetic and structural properties on different concentrations in the Mn-site substi-

tuted manganate system, LaMn1−xCoxMnO3, have been studied to understand the

evolution of ferromagnetism on substitution of Co for Mn in LaMnO3. Different com-

positions were synthesized by the conventional solid state or ceramic method and a



Co substituted LaMnO3 119

0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
5.4415

5.4420

5.4425

5.4430

5.4435

5.4440

5.4445

5.4450

5.4455

Rhombohedral

La
tti

ce
 p

ar
am

et
er

 (Å
)

X in LaMn1-xCoxO3

Figure 3.37: Variation of cell parameters of Co-rich samples assigned rhombohedral.

low-temperature method, to understand the differences in the properties of the com-

positions arising from the difference in the processing conditions. This is expected,

because contradicting reports are made in the literature on the properties of some

compositions processed under different conditions. The present studies showed that

there are two possible ferromagnetic phases for x = 0.5, i.e. LaMn0.5Co0.5O3 or the

double perovskite formula, La2MnCoO6, which is generally used to represent this

composition. Studies on the low-temperature synthesized sample indicated that one

of the phases is stable only below 800 ◦C and is converted to a second phase if heated

to higher temperatures. The compound synthesized by the ceramic method yielded a

mixed phase when heated in the temperature range 1000–1300 ◦C and only the sec-

ond phase, in single phase form, is obtained when heated at 1300 ◦C for a prolonged

duration.

X-ray photoelectron spectroscopic and magnetic susceptibility studies on the single

phase compositions obtained by the low-temperature method of synthesis indicated
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that the spin-states of Mn and Co ions are different in the two different phases of

La2MnCoO6. Mn and Co ions are present in their trivalent states with Co+3 in the

low-spin configuration in the high-Tc phase, and as Mn+4 and high-spin Co+2 in the

low-Tc phase. Origin of ferromagnetism in the phase showing a higher Curie tem-

perature is therefore from superexchange interactions between Mn+3 ions where as

superexchange interaction between Mn+4 and Co+2 ions is responsible for ferromag-

netism in the phase showing a lower Curie temperature. When the high-Tc phase

of the compound is heated to higher temperatures, the Mn+3-Co+3 equilibrium is

shifted to Mn+4-Co+2, i.e., a charge disproportionation Mn+3 + Co+3→ Mn+4 +

Co+2. Complete conversion from Mn+3-Co+3 to Mn+4-Co+2 takes place only at a

higher temperature and therefore mixed phase behaviour is observed for samples

heated in the temperature range 700-1300 ◦C. Then it is possible that samples heated

in this temperature range will have different spin-states of Mn and Co (Mn+3, Mn+4,

Co+2, Co+3).

In the case of Mn-rich compositions in LaMn1−xCoxO3 (0 < x < 0.5) sharp

magnetic transitions are obtained for the low-temperature synthesized compounds

when annealed at 1000 ◦C. Samples annealed above or below this temperature showed

mixed phase behaviour. The mixed phase behaviour is possibly due to the different

spin-states of Mn and Co ions, due to the charge disproportionation as observed

for x = 0.5. The samples synthesized by the ceramic method show broad magnetic

transitions indicating co-existence of different compositions in the same sample, even

for samples heated at higher temperatures. That is, it is difficult to get single phase

compositions in this compositional range for the samples synthesized by the ceramic

method. For Co-rich compositions (x > 0.5), synthesized by the low-temperature as

well as the ceramic methods, weak ferromagnetism is observed for all compositions.

Magnetic transitions are observed at the Tcs of either of the two phases of the x = 0.5

compound. This shows that, for x > 0.5, different compositions form mixed phases
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Figure 3.38: Comparison of XRD patterns of ceramic (HT) and low-temperature (LT)
synthesized samples, annealed at different temperatures

and the different compositions are truly not ferromagnetic.

The ease of formation of pure perovskite phases, in LaMn1−xCoxO3, prepared

using the low-temperature method, in comparison with ceramic method of synthesis,

is illustrated in the powder XRD patterns shown in Figure 3.38. The XRD patterns

of x = 0.3, synthesized by the ceramic method, after heating at 1000 ◦C for 4 days,

with five intermediate grindings and by the low temperature method, after a single

heating at 1000 ◦C are compared in the top part of Figure 3.38.The XRD pattern

of the ceramic sample is slightly broader than that of the low-temperature sample,

whereas the reverse is generally expected. This is probably due to the formation of

other compositions close to x = 0.3, in the ceramic sample, with slightly different

lattice parameters, so that the observed XRD peaks contain contributions from these
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Figure 3.39: Variation of Tc and magnetization (measured at 82 K and 15 kOe) as a
function of x in LaMn1−xCoxO3. • - ceramic method, ◦ - low-temperature method,
4 - from [Tro00]. For x = 0.5, Tc and M of the two phases of the compound are
shown.

compositions and therefore the peaks are broad. This is further confirmed by the

observation of residual La(OH)3 diffraction peaks at 2θ values, 28.10◦ and 27.40◦

(marked with ‘*’), in the ceramic sample indicating incomplete reaction. The broader

ferromagnetic transitions of the ceramic samples is an evidence for the formation of

different close compositions within the same sample. On the other hand, the low-

temperature synthesized sample shows a clean pattern, free of impurities as well as

peak broadening, due to the formation of the required composition. After annealing

at 1100 and 1200 ◦C for 1 day each and 1300 ◦C for 5 days, with intermediate
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grindings, the ceramic sample shows identical orthorhombic pattern as that of the

low-temperature synthesized sample obtained after a single annealing at 1300 ◦C (see

middle part of Figure 3.38). Similarly, the ceramic Co-rich sample, x = 0.8, after

sufficient heat treatment show identical rhombohedral pattern as that of the low-

temperature synthesized sample, as shown in the bottom part of Figure 3.38. Here

also, the reflections are broader for the ceramic sample, even after treatment at high

temperatures and for longer durations. In other words, the low-temperature method

of synthesis help the formation of the pure and homogenous compositions at lower

temperatures.

The magnetic transition temperature as well as the magnetization measured at

82 K and 15 kOe, as a function of x in LaMn1−xCoxO3, are shown in Figure 3.39, for

samples synthesized by the two different methods. For x = 0.5, the phase with the

higher Tc and larger magnetization is processed at 700 ◦C. Tc is shown only up to x

= 0.5, because of the mixed phase behaviour and processing temperature dependence

of the transition temperature for x > 0.5. The Curie temperatures obtained by

Troyanchuk et.al [Tro00] are also shown in the figure for comparison. The lower value

of the maximum Tc in the present work (for x = 0.5) may be due to the difference

in the definition of the transition temperature. In the present work, the magnetic

transitions are very sharp due to phase purity and the low magnetic fields used for

the measurements, and Tc is taken as the temperature at which dM/dT is maximum.

The Tcs are slightly higher at lower values of x for the low-temperature synthesized

samples and this may be due to the presence of excess Mn+4 as generally observed in

the case of La1−xAxMnO3. The Curie temperature increases up to x = 0.5, contrary

to the very low value of Tc reported for x = 0.35 [Tro00]. Moreover, the same Curie

temperature is reported for 0.4 ≤ x ≤ 0.6 and this may be due to the mixed phase

behaviour, with relatively larger amount of the high-Tc phase of La2MnCoO6 present

in the samples due to insufficient processing.



Chapter 4

Studies on La2MnNiO6

As explained in Section 3.1, the double perovskites, represented generally as A2BB
′
O6,

show some highly peculiar phenomena, which make them potential candidates for fu-

ture technological applications. The underlying reason for such properties are the

possibility of different valence states, crystal structures, charge disproportionation,

ionic ordering, etc. The most important issue in the study of the double perovskite

compositions is the determination of the spin-states of the B and B
′
ions, because

the spin-states of these ions in turn decide the structural, magnetic and transport

properties.

4.1 Background

La2MnMO6 has been reported as a ferromagnet, unlike the non-ferromagnetic na-

ture of the end members, e.g. antiferromagnetic LaMnO3 and paramagnetic LaNiO3.

Similarly, the structures of the end members are also different e.g. the structure of

stoichiometric LaMnO3 is orthorhombic whereas stoichiometric LaNiO3 is rhombo-

hedral [Goo70]. There is little room for any ambiguity about the spin-states of the

transition metal ions in the end members. However, when a second transition metal

is incorporated into the B-site, there can be different possible combinations of the

spin/oxidation states of the B-site ions.
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There are many reports in the literature on the studies on La2MnNiO6. The earlier

attempts to synthesize Mn-site ionic ordered LaMn+4
0.5M

+2
0.5O3 or La2MnNiO6 were not

successful, since the cations were found to favor trivalent states [Wol58, Goo61], in

spite of the fact that the reaction Mn+4+ Ni+2Mn+3+ Ni+3 is biased to left hand

side by 0.8 eV [Das03]. On the other hand, it is also a fact that the above reaction can

be biased either to the right or to the left depending up on the Mn concentration, the

temperature and the degree of ionic ordering [Vas84]. This is because, the position

of the energy level of Mn+3 e1
g depends on the Mn concentration, e.g. for smaller Mn

concentrations, it lies above the fermi-level and hence cannot be occupied, stabilizing

Mn+4, but for higher Mn concentration the energy level becomes overlapped by the

fermi-energy, stabilizing Mn+3. Therefore, the energy change of the above reaction

cannot be generalized.

A higher Tc ≈ 280 K has been reported for La2MnNiO6 [Goo61] when com-

pared to the Tc = 225K of La2MnCoO6, despite the very small size difference be-

tween Co+3 (0.545 Å) and Ni+3 (0.56 Å) ions in their low-spin states. The striking

similarity between the above Co and Ni containing double perovskite compositions

is that both are having the highest Curie temperatures among the other composi-

tions of their respective solid-solution series LaMn1−xMxO3 (M = Co, Ni). This

shows the fact that these compounds have similarity in the origin of ferromagnetism.

Similar to that reported for the Co containing compositions, the corresponding Ni

containing compositions are also reported to be of different combinations of spin-

states like Mn+3/Ni+3, Mn+4/Ni+2, and correspondingly various superexchange mech-

anisms, for the origin of ferromagnetism, have been proposed by different groups

[Wol58, Goo61, Bla65, Son92](detailed review is given in Section 1.4). Moreover, the

crystal structures like orthorhombic [Wol59], a superposition of orthorhombic and

rhombohedral [Son92], a mixture of monoclinic and rhombohedral [Bla02a, Bul03],

etc. are also reported by different groups. This implies that La2MnNiO6 may form in
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more than one crystallographic modifications, as expected from the different crystal

structures of the end members LaMnO3 and LaNiO3.

As described in Section 3.1, two different ferromagnetic phases of La2MnCoO6 are

prepared in single-phase forms by a low-temperature method of synthesis. A high-Tc

phase is found to be stable only below 700 ◦C and a low-Tc phase, in single phase

form, is obtained only after heating at 1300 ◦C. The high-Tc phase has Mn+3 and

low-spin Co+3, with ferromagnetic Mn+3-O-Mn+3 superexchange interactions. On

the other hand, the low-Tc phase consists of Mn+4 and Co+2 with positive Mn+4-O-

Co+2 superexchange interactions. An unusual charge disproportionation of the type

Mn+4 + Co+2 → Mn+3 + Co+3 → Mn+4 + Co+2 is found to be operative in the low-

temperature synthesized La2MnCoO6, annealed at different higher temperatures and

this is the origin of the controversy about the spin-states of Mn and Co in samples

prepared by the ceramic method.

In view of the reports on the co-existence of different spin-states of Mn and Ni, dif-

ferent crystallographic forms, and ferromagnetic exchanges in La2MnNiO6, the com-

pound is synthesized by the ceramic and low-temperature methods and the structural

and magnetic properties of the samples annealed in air at different temperatures are

studied. The studies are aimed at resolving the problem of the spin-states of Mn

and Ni, and thereby to verify the nature of the magnetic exchange interactions in the

compound.

4.2 Synthesis

La2MnNiO6 (LMN) samples were synthesized by the conventional high-temperature

(referred as HT samples in the text) solid-state reaction (ceramic) method and a low-

temperature (referred as LT samples in the text) method. In the ceramic method,

a stoichiometric mixture of pre-heated La2O3, MnO2 and NiO was heated at 1000
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◦C for 12 hours initially and further heated at the same temperature for 48 hours

with an intermediate grinding. The powder sample obtained was then annealed at

1100 and 1200 ◦C for 24 hours each and then at 1300 ◦C for 96 hours with four

intermediate grindings. All the heatings were made in air and then furnace-cooled to

room temperature. La2MnNiO6 and a sample of Nd2MnNiO6 were prepared by a low-

temperature glycine-nitrate method [Chi90]. In the low-temperature method, a water

solution containing the nitrate salts of La, Mn, Ni, and Glycine in the 2:1:1:8 ratio

were prepared. The powder samples obtained after initial decomposition of this metal

nitrate-glycine mixture at ∼200 ◦C was then annealed at different temperatures in the

range 200–1300 ◦C for 12 hours each, in air, and furnace-cooled to room temperature.

Oxygen stoichiometry

Oxygen stoichiometry is determined by redox titration, using potassium perman-

ganate and ferrous sulphate. The oxygen stoichiometry of the sample heated at 1300

◦C was found to be 3±0.01. This shows that the sample is stoichiometric and the

properties exhibited will be free from any cation vacancy effects. The sample heated

at 400 ◦C was found to be slightly oxygen deficient (2.95). This could be due to the

error in the calculation (actual weight of the sample taken for measurement will be

less due to the high carbon content in the sample, as evidenced from XPS studies,

discussed later in this chapter).

4.3 Magnetic measurements

As discussed, a magnetic transition below ∼280 K is reported in the literature from

studies on the magnetic properties of La2MnNiO6 using high magnetic fields. It has

been shown that magnetic measurements using very low magnetic fields can detect

the presence of different phases of ferromagnetic compounds, if they coexist in the
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Figure 4.1: ZFC magnetization (H = 50 Oe) curves of La2MnNiO6 synthesized by the
ceramic method, annealed at 1100, 1200 and 1300 ◦C. Inset: temperature variation
of magnetization at H = 5000 Oe.

samples [Joy97, Joy98, Joy02]. Therefore, zero field cooled magnetization, MZFC ,

measurements were made at a low magnetic field of 50 Oe, to look for the possible

existence of different phases of La2MnNiO6, in the HT and LT samples, annealed at

different temperatures.

4.3.1 HT samples

Figure 4.1 shows the ZFC magnetization curves of La2MnNiO6, synthesized by the

ceramic method and annealed at 1100, 1200, and 1300 ◦C. Two well-defined magnetic

transitions, at ∼150 and ∼280 K, are clearly visible in all the curves. There is no

change in the onset of the magnetic transition temperatures or relative heights of the

individual magnetic transitions even after heating at higher temperatures. From the

two clear magnetic transitions at different temperatures, and when compared with
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Figure 4.2: ZFC magnetization (H = 50 Oe) curves of the low-temperature synthe-
sized La2MnNiO6, annealed in the temperature range 200–1300 ◦C.

the similar results obtained on La2MnCoO6 (see Section 3.1) samples prepared under

identical conditions, it appears that there are two possible ferromagnetic phases for

La2MnNiO6. The inset in the Figure 4.1 shows the temperature variation of the

magnetization of the sample heated at 1300 ◦C, measured at 5000 Oe. The high-

field magnetization curve do not show clearly the two different magnetic transitions.

The magnetic transition appears very broad, with the onset of the magnetic transition

below 280 K. This high-field magnetization curve is similar to that reported by Sonobe

and Asai for one of their samples measured at 18 kOe [Son92].

4.3.2 LT samples

Temperature variation of the zero field cooled magnetizations of La2MnNiO6 samples,

synthesized by the low-temperature method and annealed between 200 and 1300 ◦C,

are shown in Figure 4.2. Magnetization curves of the samples annealed between 200
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Figure 4.3: ZFC magnetization (H = 50 Oe) curves of La2MnNiO6: HT sample
annealed at 1300 ◦C (LMN-HT), LT samples annealed at 400 (LMN400) and 1300
◦C (LMN1300), and a 2:1 physical mixture of LMN400 and LMN1300 (mix-2:1).

and 400 ◦C are identical, onset of a broad magnetic transition is observed below

150 K. Increasing the annealing temperature above 500 ◦C causes a broadening of

the magnetic transition, in such a way that the value of the temperature at which

the magnetization picks up from its paramagnetic nature, is increased. A sharp

magnetic transition at 273 K is observed for the sample annealed at 1300 ◦C. By

comparing the results on the LT samples with that obtained on the HT samples, as

shown in Figure 4.3, it may be seen that the magnetic transition observed for the

LT sample annealed at 400 ◦C is at the temperature of the first magnetic transition

of the HT sample (∼150 K). Similarly, the magnetic transition observed for the LT

sample (273 K) annealed at 1300 ◦C is at the temperature of the second magnetic

transition of the HT sample. This indicates that two different ferromagnetic phases

of La2MnNiO6 can be obtained in single phase forms by a low-temperature method of
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Figure 4.4: ZFC magnetization curves of the two phases of La2MnNiO6, LMN400
and LMN1300. Inset: ZFC magnetization curves of low-temperature synthesized
Nd2MnNiO6, annealed at 400 (NMN400) and 1300 ◦C (NMN1300).

synthesis and when the samples are heated below 500 ◦C and above 1200 ◦C. The ZFC

magnetization curve of a physical mixture of the samples annealed at 400 and 1300

◦C (2:1 weight ratio) is almost identical to that of the HT sample, suggesting that

the HT sample contains almost one-third of the phase showing a higher magnetic

transition temperature. On the other hand, the broad magnetic transitions of the

LT samples annealed between 600-1000 ◦C are indicative of a slow conversion of one

phase in to the other.

The ZFC magnetization curves of the two different phases of La2MnNiO6, mea-

sured in the temperature range of 10–300 K are shown in Figure 4.4. Unlike in the case

of La2MnCoO6, where an additional broad cusp at 73 K was observed for the low-Tc

phase obtained after annealing at 1300 ◦C, no such anomalous behaviour below the

Curie temperature is obtained for both phases of La2MnNiO6. However, the phases of
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the corresponding Co and Ni compounds, obtained at lower annealing temperatures,

show exactly identical magnetic transition temperatures and behaviour below Tc, in-

dicating that the origin of the magnetic transition is common for them. Moreover, as

discussed in Section 3.2, this magnetic transition temperature is independent of Mn

or Co concentrations in the Mn-rich LaMn1−xCoxO3 compounds.

A nominal composition with Nd instead of La, Nd2MnNiO6 (NMN), is also syn-

thesized using the low-temperature method and processed under similar conditions

as in the case of La2MnNiO6, to compare and confirm the multi-phase behaviour ex-

hibited by La2MnNiO6. ZFC magnetization curves of NMN samples annealed at 400

and 1300 ◦C show magnetic transitions below 90 and 195 K, respectively, as shown

in the inset of Figure 4.4, indicating the possible formation of two different ferro-

magnetic phases of this compound as in the case of the La compound. The decrease

in the magnetic transition temperatures, for both phases, when La+3 is replaced by

Nd+3 having a lower ionic size, may be due to the increased structural distortion, as

discussed in detail in Chapter 6.

4.4 Powder XRD studies

There are contradicting reports in the literature on the crystal structure of different

compositions in the LaMn1−xNixO3 series. It has been reported that the Ni-rich com-

positions are not structurally stable, especially when synthesized by ceramic method

[Wol59, Goo61, Asa79, Vas84, Min03]. Nevertheless, none of the reports indicate any

structural instability for the x = 0.5 composition, i.e. La2MnNiO6. Some previous

reports show that compositions up to x = 0.5 are orthorhombic, and a rhombohedral

structure for x > 0.5 [Wol58, Vas84, Tro97]. For x = 0.5, slight monoclinic distortion

is also reported [Wol58, Bla02a, Bul03]. However, considering the reports that the

structure is orthorhombic for x < 0.5 including the end member LaMnO3 and rhombo-
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hedral for x > 0.5 including the end member LaNiO3, it is possible for x = 0.5 to have

two different phases with the above two crystal structures. As mentioned previously,

the reports showing mixed crystallographic phases for La2MnNiO6 [Son92, Bla02a],

support the above argument. There is one more factor which adds to the ambiguity

in the crystal structure, namely the ionic ordering in the B-site. Though it is known

that superlattice reflections due the ionic ordering in the B-site, which contain more

than one type transition metal ions, is less likely to be observed in the x-ray diffraction

pattern when their scattering powers are similar [Bla65], there are some reports on the

observation of superlattice reflections in the x-ray diffraction pattern of La2MnNiO6

[Fuj67, Son92]. However, neutron diffraction studies have shown that there is ionic

ordering in La2MnNiO6 [Bul03, Bla02b]. In the cases when ionic ordering is observed,

monoclinic P21/n or rhombohedral R3 space groups are used instead of the usual or-

thorhombic Pbnm or rhombohedral R3c, respectively. Neutron diffraction studies

also show a structural phase transition from a rhombohedral to monoclinic structure

below 375 ◦C [Bul03] or below room-temperature [Bla02b] and in the latter case it

has been proposed that only the monoclinic phase is ferromagnetic.

4.4.1 HT samples

The powder XRD patterns of the different samples of La2MnNiO6 are shown in Fig-

ure 4.5. For the HT sample, annealed at 1300 ◦C, no impurity peaks are observed

and the reflections correspond to that of a perovskite phase. Wold et al. [Wol58] and

Troyanchuk et al. [Tro97] found that the crystal structure of La2MnNiO6, synthe-

sized by the ceramic method, as orthorhombic. The powder XRD pattern of LMN-HT

could be indexed on an orthorhombic structure with lattice parameters a = 5.477 Å,

b = 5.464 Å, and c = 7.670 Å. These lattice parameters are almost comparable to

those reported previously [Wol58, Tro97]. However, the magnetic measurements have

already indicated the presence of two ferromagnetic phases in this sample. Therefore,
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Figure 4.5: Powder XRD patterns of La2MnNiO6, annealed at different temperatures,
after synthesized by ceramic and low-temperature methods.

it is reasonable to assume that the observed pattern comprises of the contributions

from these two different phases. The observed pattern could be fitted to ∼70% of

an orthorhombic phase (a = 5.478 Å, b = 5.460 Å, and c = 7.672 Å) and ∼30% of

a rhombohedral phase (a = 5.426 Å and α = 60.9◦). These lattice parameters are

comparable to that reported by Sonobe and Asai [Son92], where the authors found

a major orthorhombic phase along with nearly 10-25% of a rhombohedral phase.

The ratio of the two phases present, found from powder XRD, in the HT sample,

is in agreement with the results from the magnetic measurements. The magnetic

measurements on a physical mixture of the two individual phases obtained by the

low-temperature method of synthesis showed that the HT sample constitutes the two

phases in the ratio of approximately 2:1 (see Figure 4.3).
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4.4.2 LT samples

Powder XRD patterns of the LT samples of La2MnNiO6, annealed at 200 (LMN200),

400 (LMN400), 800 (LMN800) and 1300 ◦C (LMN1300) are compared in Figure 4.5.

All the reflections of LMN200 correspond to that of a perovskite phase, without any

impurities, indicating the formation of the compound at 200 ◦C. The XRD patterns of

LMN200 and LMN400 are identical, and the reflections are very broad indicating the

fine particle nature of the compound obtained at low temperatures. Average particle

size is obtained as 13 nm from x-ray line broadening, calculated using the Scherrer

formula, given by the Equation 2.2. Even though the reflections in the XRD patterns

of LMN200 and LMN400 are broader, the patterns could be approximately indexed to

an orthorhombic unit cell with lattice parameters, a = 5.50 Å, b = 5.65 Å, and c = 7.78

Å. On the other hand, the XRD pattern of LMN1300 corresponds to the reflections

from a rhombohedral lattice. The rhombohedral lattice parameters are obtained as a

= 5.428 Å, and α = 60.9◦. The powder XRD pattern of the sample LMN800, which

shows multiple magnetic transitions below ∼280 K, is almost identical to that of the

sample prepared by the ceramic method showing two magnetic transitions. The XRD

pattern of LMN800 also is found to be a mixture of an orthorhombic phase (∼60%)

and a rhombohedral phase (∼40%). This indirectly tells that LMN200 is most likely

having an orthorhombic structure, which eventually transforms to a rhombohedral

structure up on annealing at higher temperatures.

In the case of perovskite type compounds, which are magnetic, it is known that the

magnetic transition temperature depends on the structure of the compound. Highest

Curie temperature is found for cubic phases and the Curie temperature decreases

when the structure is distorted to rhombohedral and then to orthorhombic [Coe99].

This is because, the strength of the magnetic exchange interactions in the perovskites

depend on inter-ionic distances and bond angles. The B-O-B bond angle (in ABO3) is

decreased when the structure is distorted from cubic → rhombohedral → orthorhom-
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bic. This distortion modifies the magnetic transition temperature because Tc is de-

termined by the strength of the exchange interactions, which in turn is decided by

the orbital overlap between B and oxygen ions. Therefore, for a given composition,

rhombohedral phase will have a larger Curie temperature than that of the phase

with an orthorhombic structure. Similar results are observed here for La2MnNiO6

also, which is in accordance with the expected structural dependence of Tc. Here,

the interpretation that only the low-temperature monoclinic phase is ferromagnetic

[Bla02b], is questionable.

4.5 Determination of Spin-states of Mn and Ni

From zero field cooled magnetization measurements using low magnetic fields and

powder XRD measurements, it is now obvious that La2MnNiO6 can form two different

crystallographic forms with different magnetic transition temperatures. Having found

that La2MnNiO6 synthesized by the high-temperature ceramic method is multiphasic

due to the presence of two different phases of the compound and single phase com-

pounds are obtained from samples synthesized by the low-temperature method and

annealed at 400 and 1300 ◦C, the spin-states of Mn and Ni in the two phases are ex-

plored, to understand the origin of the different magnetic transition temperatures for

the two phases. The x-ray photoelectron spectroscopy (XPS) and high-temperature

paramagnetic susceptibility studies along with studies on the magnetic properties of

the compound after substitution of Mn and Ni by the non-magnetic ion, Al+3, were

used to deduce information on the spin-states.

4.5.1 Paramagnetic susceptibility

The temperature dependence of the inverse of the paramagnetic susceptibility (>

300 K) of LMN400 and LMN1300 is shown in Figure 4.6. The simple perovskite
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Figure 4.6: Temperature variation of the inverse of the paramagnetic susceptibility
of LMN400 and LMN1300.

formula, LaMn0.5Ni0.5O3, is used for the calculation of the molar susceptibilities. The

susceptibility of LMN400 is measured up to 573 K (300 ◦C) only which is well within

the stability temperature of this phase. Susceptibility of LMN1300 is measured up

to 723 K (450 ◦C) as this phase is stable in this temperature range. Curie-Weiss

behaviour, χ = C/(T −Θ), is observed for both samples. The effective paramagnetic

moment, µeff = 2.828
√

C, where C is the Curie constant, is obtained from least-

squares fit to the experimental data in the linear region at high temperatures. Almost

identical slopes with different intercepts on the temperature axis are obtained for both

samples. µeff is obtained as 3.54 µB and 3.57 µB for the two samples LMN400 and

LMN1300, respectively, and the corresponding paramagnetic Curie temperatures (Θ)

are obtained as 192 and 313 K.

The spin-only values of the moment, µso, for various possible combinations of dif-

ferent spin-states of Mn and Ni in La2MnNiO6 (calculations are based on the simple
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Table 4.1: Spin-only moments (µso) for various spin-states of Mn and Ni in
La2MnNiO6 (calculations are based on the simple perovkite formula, LaMn0.5Ni0.5O3).

Spin-states µso = [0.5µ2
Mn + 0.5µ2

Ni]
1/2 (µB)

Mn+3 (S=2), Ni+3 (S=3/2) 4.41
Mn+3 (S=2), Ni+3 (S=1/2) 3.67
Mn+4 (S=3/2), Ni+2 (S=1) 3.39
Mn+2 (S=5/2), Ni+4 (S=2) 5.43
Mn+2 (S=5/2), Ni+4 (S=1) 4.64
Mn+2 (S=5/2), Ni+4 (S=0) 4.18

perovskite formula, LaMn0.5Ni0.5O3) are compared in Table 4.1. The experimental

µeff values (3.54 and 3.57 µB) are almost comparable to the spin-only moments cal-

culated for a combination of high-spin Mn+3 and low-spin Ni+3 as well as for Mn+4

and Ni+2. Therefore, it is possible that the spin-states of Mn and Ni in LMN400 and

LMN1300 are either identical or the above two different combinations. However, the

different values of the paramagnetic Curie temperatures obtained from Curie-Weiss

fit to the susceptibility data and the two different ferromagnetic Curie temperatures

indicate a difference in the strength of the magnetic exchange interactions and there-

fore, a possible difference in the spin-states of Mn and Ni in LMN400 and LMN1300.

Compared to the high-Tc phase of La2MnCoO6, which contain Mn+3 and low-spin

Co+3, LMN1300 (the phase of La2MnNiO6 having a higher Curie temperature) may

be assumed to be containing Mn+3 and low-spin Ni+3 (µeff = 3.57 µB and µso =

3.67 µB). Similarly, LMN400, showing the same magnetic transition temperature as

that of the La2MnCoO6 sample annealed at 200 ◦C, can be assumed to be containing

Mn+4 and Ni+2. The higher value of µeff of LMN400 when compared to µso cal-

culated for a combination of Mn+4 and Ni+2 can be accounted for, considering the

contribution from spin-orbit coupling of Ni+2. A slightly larger value of µeff can

be expected for Ni+2 due to the contribution from spin-orbit coupling, as generally

observed [Cas76]. The average magnetic moment, incorporating spin-orbit coupling
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contribution, is expressed by the equation;

µ̄e = µso(1− 4λ/10Dq) (4.1)

where λ is the spin-orbit coupling coefficient and Dq is the crystal-field splitting

parameter. Therefore, for Ni+2 having the ground term 3A2g and µso = 2.83 µB, the

average magnetic moment calculated using the above equation is ∼3.25 µB. Using

this value of µ̄e for Ni+2, the calculated moment for the Mn+4 and Ni+2 combination

in LaMn0.5Ni0.5O3 would be 3.58 µB which is comparable to the experimental value

of 3.54 µB for LMN400. Therefore, if the contribution from the spin-orbit coupling

of Ni+2 is taken into account, it may be considered that the combination of the

spin-states Mn+4 and Ni+2 is possible in the low-Tc phase of the compound.

4.5.2 Non-magnetic substitution with isovalent ion

It is evident from temperature dependence of magnetization and paramagnetic suscep-

tibility data that the phase formed after annealing at 1300 ◦C most likely has high-spin

Mn+3 and low-spin Ni+3 ions. Nevertheless, the Curie temperature of La2Mn+3Ni+3O6

(273 K) is larger than that of the corresponding phase of the Co-containing composi-

tion La2Mn+3Co+3O6 (225 K). This is possibly due to the contribution from additional

Mn+3-O-Ni+3 or Ni+3-O-Ni+3 superexchange interactions [Wol58, Goo61]. It may be

noted that the low-spin Ni+3, with electronic configuration t62ge
1
g, contains one un-

paired electron (S = 1/2), when compared to the diamagnetic (S = 0), low-spin,

Co+3 ion (t62ge
0
g). Therefore, the magnetic exchange interaction of the type Mn+3-

O-M+3-O-Mn+3 would be stronger when M = Ni than when M = Co. Assuming

trivalent states for Mn and Ni, the role of Ni in the magnetic exchange interactions in

La2MnNiO6 is explored by substituting part of Mn+3 or Ni+3 by the non-magnetic ion,

Al+3. La2MnNi0.8Al0.2O6 (LMNA) and La2Mn0.8Al0.2NiO6 (LMAN) were prepared by

the low-temperature method and heated at 1300 ◦C.
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Figure 4.7: Temperature variation of the magnetization of La2MnNiO6 (LMN),
La2MnNi0.8Al0.2O6 (LMNA), and La2Mn0.8Al0.2NiO6 (LMAN), annealed at 1300 ◦C;
H = 5000 Oe.

Temperature dependence of the magnetization of LMN, LMNA and LMAN, mea-

sured using a field of 5000 Oe, is compared in Figure 4.7. Measurements are made

using a high magnetic field to compare the effect of substitution of Al+3 on the mag-

nitude of magnetization as well as on the Curie temperature. There is a drastic

reduction in the magnetization when both Mn+3 and Ni+3 are partially replaced by

Al+3. Magnetization at the lowest temperature is reduced to 36% when 20% of Ni is

substituted by Al and to 19% when 20% of Mn is substituted by Al. Similarly, Curie

temperature (the temperature at which a sharp transition is observed in MZFC mea-

surements using H = 50 Oe) is reduced from 273 K to 250 K when Ni is substituted

and to 210 K when Mn is substituted by Al. When a similar substitution is made on

the corresponding Co composition La2MnCoO6, it was found that magnetization and

Tc is not much affected on replacing Co by Al. The reduction in both magnetization
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and Curie temperature when Ni is replaced by Al indicates the direct role of Ni+3

in determining the higher Tc of La2MnNiO6 when compared to that of La2MnCoO6.

Similarly, the large reductions in magnetization and Tc, when Mn is substituted by

Al, indicate that major role is played by Mn+3 in the magnetic exchange interactions.

4.5.3 XPS studies

Core-level x-ray photoelectron spectroscopic studies are performed on LMN400 and

LMN1300 to understand the results obtained from high temperature magnetic sus-

ceptibility studies. All the photoemission spectra are recorded at room temperature.

As a measure to check the surface contamination problem, the samples are scraped

thoroughly and repeatedly over the surface with a stainless steel blade in situ under

high vacuum. The scraping is repeated until the higher binding energy (BE) shoulder

in the O 1s XPS showed a minimum and no further decrease in intensity. In the case

of the LT samples heated at 400 ◦C, on which XPS measurements are made, excess

carbon is found. Perovskite manganates synthesized by low-temperature methods are

known for carbon contamination [Bay82, Chi90]. Repeated scraping of the samples

did not remove the carbon contamination in the LT samples, indicating the presence

of carbon in the bulk. However, very good improvement in the spectral quality of O

1s, C 1s, and valence band spectra of LT samples after scraping, clearly indicates that

the bulk carbon contamination do not significantly affect the overall results presented

here. Further, core-level XPS measurements are made on three different LT samples

each to make sure that the results are reproducible.

Core-level XPS of the transition metal ions are known to be sensitive to their spin-

states and 3d-electron contents. There is a general trend that the core-level binding

energy increases with increasing oxidation state of a given ion, provided that the

ions are located in similar coordination environment in different compounds [Bri74].

However, this rule breaks down when the number of unpaired electrons changes due
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Figure 4.8: Mn 2p XPS of LMN400 and LMN1300.

to a change in the spin-state of a given ion. It has been reported earlier that under

identical octahedral coordination environment, the 2p3/2 binding energy of low-spin

Co+3 is lower than that of Co+2 [Fro72, Bri74]. Similarly, it is found that the Ni

2p3/2 BE of Ni2O3 containing low-spin Ni+3 is lower than that of NiO containing Ni+2

[Jor71, Ng76].

The 2p core-level XPS of Mn in LMN400 and LMN1300 are compared in Fig-

ure 4.8. The binding energy of Mn 2p3/2 is obtained as 641.8 eV for LMN400 and

as 641.5 eV for LMN1300. Generally 2p3/2 BE is found to be lower for Mn+3 than

for Mn+4 when the ions are situated in identical environments (as in LaMn+3O3 and

CaMn+4O3) by 0.3-0.4 eV. The difference in the BEs of Mn 2p3/2 obtained for the

two samples of La2MnNiO6 is identical to that found for the two different phases

of La2MnCoO6 having different spin-states of Mn, Mn+3 for the high-Tc phase and

Mn+4 for the low-Tc phase (see Section 3.1.5). In the case of La2MnNiO6 also, a lower

BE is obtained for the sample with a higher Tc, indicating that the spin-state of Mn
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Figure 4.9: Ni 2p XPS of LMN400 and LMN1300, along with the La 3d3/2 XPS of
La2MnCoO6 (LMC).

is Mn+3 in LMN1300 and Mn+4 in LMN400.

Figure 4.9 shows the 2p core-level XPS of Ni in LMN400 and LMN1300. Unfor-

tunately the BE of the satellite peak of La 3d3/2 is almost identical to that of 2p3/2

of Ni in oxides and therefore these peaks overlap for compounds containing both La

and Ni. The main and satellite peaks of La 3d3/2 in La2O3 and other perovskite-type

oxides are observed with approximately 1:1 intensity ratio (see for La2MnCoO6 in Fig-

ure 4.9) [Sto97]. Therefore, larger intensity of peak in the BE region of satellite peak

of La 3d3/2 may be considered as the contribution of Ni 2p3/2 for both LMN400 and

LMN1300. Since the La+3 ion is situated in the same environment in both LMN400

and LMN1300, and the BE of the La 3d3/2 main peak is identical for both samples

(the intensities of this peak is normalized for all samples in the figure), it may be

assumed that the small difference in the BE of the peak in the region of the La 3d3/2

satellite peak is due to the difference in the BE of Ni 2p3/2 in the two samples. This



Studies on La2MnNiO6 144

40 45 50 55 60 65 70 75

LMN1300

LMN400

 

 

Ni 3p

Mn 3p

Binding Energy (eV)

Figure 4.10: Mn and Ni 3p XPS of LMN400 and LMN1300.

comparison gives a Ni 2p3/2 BE of 854.6 eV for LMN400 and 854.3 eV for LMN1300.

A similar difference in the BE is observed for the Ni 2p1/2 peaks also for the two com-

pounds. The difference in the binding energies of Ni 2p3/2 and 2p1/2 are ∆E = 17.8

eV for LMN400 and ∆E = 17.6 eV for LMN1300, respectively. The lower value of ∆E

for LMN1300 by 0.2 eV may be taken as evidence for one unpaired electron less for

Ni in this sample. This fact, when combined with the lower BE of the Ni 2p3/2 peak,

then corresponds to the spin-state of Ni as low-spin Ni+3 (S = 1/2) in LMN1300 and

as Ni+2 (S = 1) in LMN400. These spin-states of Ni in the two samples are similar to

that observed for Co in the nanocrystalline and high-temperature heated samples of

La2MnCoO6. A lower BE is expected for low-spin Ni+3 when compared to the higher

BE of Ni+2, due to the less number of unpaired electrons in the former. Moreover,

these spin-states of Ni in the two samples are in accordance with the spin-states of

Mn, which will take care of charge neutrality and oxygen stoichiometry.

A comparison of Mn and Ni 3p XPS, shown in Figure 4.10, of LMN400 and
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Figure 4.11: Mn 2p XPS of NMN400 and NMN1300.

LMN1300 also shows the same trend in the binding energies. Mn 3p XPS peaks are

observed at 49.1 and 48.8 eV and Ni 3p peaks are observed at 66.9 and 66.7 eV,

respectively, for LMN400 and LMN1300. This gives further evidence for the different

spin-states of Mn and Ni in the two samples, as concluded from the analysis of the

2p XPS of Mn and Ni.

The overlapping of the Ni 2p3/2 XPS peaks with that of La 3d3/2 satellite peak

for compounds containing both La and Ni can be taken care of by selecting a rare

earth ion, instead of La, whose XPS peaks will not interfere with that of Ni 2p3/2,

in the same composition. To compare the differences in the Ni 2p3/2 XPS binding

energies of the compounds heated at 400 and 1300 ◦C, and to further confirm the

observations made on La2MnNiO6, core level XPS studies are made on Nd2MnNiO6

(NMN) samples processed under identical conditions. Mn and Ni 2p XPS of the

two samples of NMN, heated at 400 and 1300 ◦C (NMN400 and NMN1300), and

showing magnetic transitions at different temperatures, are shown in Figure 4.11 and
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Figure 4.12: Ni 2p XPS of NMN400 and NMN1300.

Table 4.2: Mn 2p3/2 and Ni 2p3/2 XPS BE in the two different ferromagnetic phases
of La2MnNiO6 (LMN) and Nd2MnNiO6 (NMN).

Compound Sample Tc (K) Mn 2p3/2 (eV) Ni 2p3/2 (eV)
La2MnNiO6 LMN400 150 641.8 854.6

LMN1300 273 641.5 854.3
Nd2MnNiO6 NMN400 90 642.4 854.9

NMN1300 195 642.1 854.7

Figure 4.12, respectively. The Mn 2p3/2 and Ni 2p3/2 XPS binding energies of Mn and

Ni in LMN and NMN are compared in Table 4.2. There is a small shift in the BEs of

the XPS peaks to higher values by ∼0.5 eV when La is replaced by Nd. Similar effects

have been generally observed in the XPS studies on different rare earth compounds

[Kan96, Mah96, Tal01].

As expected, there is a difference in the binding energies of the Mn as well as Ni 2p

XPS peaks of NMN400 and NMN1300. Similar to the corresponding LMN samples,

Ni 2p3/2 binding energy is lower by 0.2 eV for NMN1300 showing a magnetic transition
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at a higher temperature when compared to NMN400, confirming that the spin-state

of Ni is Ni+2 in the sample showing a lower magnetic transition temperature and

low-spin Ni+3 for the high-Tc phase with rhombohedral symmetry. Similar difference

in Mn 2p3/2 BE energy is observed for the two NMN samples also, indicating the

presence of Mn+4 and Mn+3 in the samples heated at 400 and 1300 ◦C, respectively.

4.5.4 Origin of ferromagnetism in La2MnNiO6

Both the end members of La2MnNiO6, namely LaMnO3 and LaNiO3, are having

Jahn-Teller active transition metal ions, but the former is antiferromagnetic with fer-

romagnetically ordered (001) planes whereas the latter is paramagnetic. In spite of the

same eg orbital electronic configuration, this drastic difference in the magnetic prop-

erties of the two end members stems from the difference in the electronic configuration

of Mn+3 (t32ge
1
g) and low-spin Ni+3 (t62ge

1
g) in the t2g orbitals . The low-spin Ni+3 does

not have any localized moment to correlate the exchange electron with and hence the

Ni-Ni interaction does not result in any particular spin ordering. In other words, there

is no exchange splitting in low-spin Ni+3. Due to the same reason, the Mn+3-O-Ni+3

superexchange is ferromagnetic. Similarly, Mn+4-O-Ni+2 exchange is also predicted

to be ferromagnetic. If the Mn+3-O-M+x interaction is antiferromagnetic, the mag-

netic moment of the ordered compound formed by partly substituting Mn by M will

correspond to a ferrimagnetic coupling, and the ferrimagnetic compositional range

will be narrow too [Wol58]. On the other hand, if Mn+3-O-M+x interaction is ferro-

magnetic, the ferromagnetic compositional region may be extended up to 50% of M ,

provided ionic ordering is present. This indirectly tells that the magnetic exchange

in La2MnNiO6 is likely to be ferromagnetic and with a possible ionic ordering.

The results from high-temperature paramagnetic susceptibility and core-level XPS

studies confirm that the spin-states of Mn and Ni are different in the two ferromag-

netic phases of La2MnNiO6 obtained at different processing temperatures. The dif-
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ferent spin-states of Mn and Ni as Mn+4 and Ni+2 in LMN400 (low-Tc phase) and

as Mn+3 and low-spin Ni+3 in LMN1300 (high-Tc phase) explain the different mag-

netic transition temperatures of these two phases of La2MnNiO6. In other words, a

charge redistribution is the reason for the formation of the second magnetic phase,

rather than an ionic redistribution. Nevertheless, there is no evidence to exclude a

concomitant ion redistribution.

The changes in the spin-states of Mn and Ni in LMN400 and LMN1300 occur

through a charge disproportionation Mn+4 + Ni+2 → Mn+3 + Ni+3 when the low-

temperature synthesized sample is heated to higher temperatures. But the reaction

Mn+4+ Ni+2Mn+3+ Ni+3 is predicted to be biased to left by about 0.8eV [Das03].

However, this prediction is based on the studies on some binary structured oxides

[Pau00]. Moreover, the above reaction can be biased either to right or to left depend-

ing up on the Mn concentration, the temperature and the degree of ionic-ordering

[Vas84]. In short, the energy change accompanied by the formation of trivalent ions

from Mn+4/Ni+2 system is not convincingly clear.

Similar to that observed for the phase of La2MnCoO6 obtained at low-annealing

temperatures, LMN400 has a majority of Mn+4-O-Ni+2 ferromagnetic exchange, which

is equivalent in strength to the Mn+4-O-Co+2. The similarity of the electronic con-

figuration in the eg orbitals – which take part in hybridization with oxygen orbitals

– of Co+2 (t52ge
2
g) and Ni+2 (t62ge

2
g) can be the reason for such equivalence in magnetic

exchange strengths and transition temperatures of the above two compositions. In

the case of the high-Tc phase of La2MnNiO6, both the trivalent ions are Jahn-Teller

active, with a single electron in the eg orbital. Therefore, unlike in La2MnCoO6, an

ordering of Jahn-Teller active ions into (001) planes is not necessary to achieve a

cooperative effect and thereby a structural stabilization. In other words, there is no

driving force from a possible (001) ordering for the reaction Mn+4+ Ni+2Mn+3+

Ni+3 which is biased to left by about 0.8eV (for the Co system it is only 0.2 eV)
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[Das03]. Moreover, the energy gain from such an ordering, if at all present, may

not be sufficiently high to cope with the comparatively higher bias towards left hand

side, making the (001) ordering unfavorable. There can be slight assistance from the

ionic size effect towards the above reaction, since a reduction in the average Mn-site

ionic radius is resulted by the same reaction. Thus the system depends mostly on

the thermal energy for the formation of trivalent ions. This explains the higher for-

mation temperature of the high-Tc phase of La2MnNiO6 than for its Co counterpart.

A higher Curie temperature observed for a phase containing trivalent ions, for both

Co and Ni compounds, suggests that Mn+3-O-M+3 superexchange interactions are

stronger than that of the Mn+4-O-M+2 (M = Mn, Co, Ni) interactions. One of the

possible reasons for this is that in the trivalent ion cases, the average ionic size of the

Mn-site ions decreases, thereby strengthening the ferromagnetic exchange.

There is a double charge disproportionation Mn+4 + Co+2 → Mn+3 + Co+3 →
Mn+4 + Co+2, in La2MnCoO6, indicating the stability of the low-Tc phase of the

compound having an orthorhombic structure. On the other hand, in the case of

La2MnNiO6, there is no formation of a different phase of this compound after heating

at intermediate temperatures and the rhombohedral phase containing Mn+3 and Ni+3

is not reverted back to the low-Tc phase even after annealing at 1300 ◦C. That is,

there is only one step of charge disproportionation as Mn4+ + Ni2+ → Mn3+ + Ni3+

in La2MnNiO6. The phenomenal difference in the evolution of the different phases

when M = Co and Ni, in La2MnMO6, may be due to the difference in the stability

of the different possible crystal structures in these two systems. Density functional

theoretical calculations show that rhombohedral phase of La2MnNiO6 is energetically

more stable than the orthorhombic phase [Yan00a] and contrary to this, orthorhombic

phase of La2MnCoO6 is shown to be more stable compared to its rhombohedral form

[Yan99].

The broader or multiple magnetic transitions observed for those samples heated
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in the temperature range 400-1200 ◦C are then due to the mixed valence states of Mn

and Ni (due to slow and partial charge disproportionation when sufficient thermal

energy is not available) and therefore, due to the different types of superexchange

interactions in these samples.

4.6 Conclusions

The properties of La2MnNiO6, synthesized by the ceramic and the low-temperature

methods have been studied in detail to understand the origin of ferromagnetism in this

compound. Two magnetic transitions are observed in the sample synthesized by the

high-temperature ceramic method, due to the presence of two different phases of the

compound. The two phases are obtained in single phase forms by a low-temperature

method of synthesis. One phase showing a magnetic transition below 150 K is found

to be stable only below 500 ◦C and is converted to the second phase having a higher

magnetic transition temperature (273 K) after heating at higher temperatures, so

that both phases coexist in samples processed in the temperature range 500–1300 ◦C.

This explains why two magnetic transitions are observed in the samples synthesized

by the ceramic method. The crystal structures of the two phases are also found to

be different. Even though the reflections in the XRD pattern of the low-Tc phase

are broader due to lower particle size, an orthorhombic symmetry can be assigned to

this phase and a rhombohedral structure is observed for the high-Tc phase. High-

temperature paramagnetic susceptibility studies on samples annealed at 400 and 1300

◦C gave comparable values for the effective magnetic moment with a large difference

in the paramagnetic Curie temperature, indicating the different strengths of magnetic

exchange interactions in the two samples. The effective paramagnetic moment values

obtained for the two phases are comparable to the spin-only moments calculated for

a combination of different spin-states of Mn and Ni; Mn+3 and low-spin Ni+3 for
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one phase and Mn+4 and Ni+2 for the other phase. A comparison of the results

obtained on the similar compound La2MnCoO6 and core-level x-ray photoelectron

spectroscopic studies give conclusive evidence for different spin-states of Mn and Ni

in the two phases; Mn+4 and Ni+2 in the nanocrystalline material showing a magnetic

transition at a lower temperature and Mn+3 and low-spin Ni+3 in the high-Tc phase.

These results indicate a possible charge disproportionation, Mn+4 + Ni+2 → Mn+3

+ Ni+3, when the low-temperature synthesized sample is heated in the temperature

range 400-1300 ◦C.



Chapter 5

Studies on La2MnCo1−xMxO6

Substitution in the B-site of double perovskite manganate compositions by a third

element is hardly studied. One of the reasons is the added complexity which may

arise due to the combinations of the spin-states of Mn and the other ions. But

that is not a sufficiently discouraging factor for deserting such systems from scientific

investigations. The studies centered on the double perovskite compositions, which

show novel properties like magnetoresistance, half-metallicity, etc., are indispensable

for technological advancements based on spintronics. In fact, substitution studies

can give better information about the ionic ordering, magnetic exchange interactions,

and spin-states of the ions in the parent compounds. For example, such studies on

the double perovskite oxide, Sr2FeMoO6, showing tunnelling magnetoresistance, have

been performed to gain knowledge about ionic ordering, magnetic interactions, etc

[Das01, Pen01, Sam01, Bla02c, Dou02].

Having studied the structural and magnetic properties of the double perovskite

compositions La2MnCoO6 and La2MnNiO6, further studies are made on a solid solu-

tion of these two compositions, La2MnCo1−xNixO6, to understand the role of Co and

Ni in determining the properties. Similarly, Co+3 in La2MnCoO6 is partially substi-

tuted by the trivalent magnetic ion Fe+3 and the non-magnetic ion Al+3, whose ionic

sizes are comparable to those of Mn+3 and Co+3, respectively, to obtain additional
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information on the role the Co+3 ion in determining the magnetic properties of the

parent compound.

5.1 La2MnCo1−xNixO6

5.1.1 Background

Studies on La2MnCoO6 (Section 3.1) and La2MnNiO6 (Chapter 4) indicate that two

different spin-states are possible for each of the constituent B-site ions, in the two

different ferromagnetic phases of the compounds. Conventional ceramic method of

synthesis yields either mixed phases or only one of the phases in the pure form. This

shows that the other phase (metastable) is formed and stable only at low tempera-

tures and converted to a second phase on treating at higher temperatures. Different

combinations of spin-states of Mn and M (Co, Ni) are possible when the two phases

are present together in samples synthesized by the usual ceramic route. However, sin-

gle phase forms of these compositions could be obtained when they are synthesized

by a low-temperature method.

When La2MnCoO6 is synthesized by low-temperature method and annealed at

different temperatures in the range 200–1300 ◦C, it is found that a ferromagnetic

phase, initially formed, with a magnetic transition temperature of ∼150 K, is con-

verted to another ferromagnetic phase with Tc = 225 K when annealed in air at 700

◦C and converted back to the initial phase on further annealing at higher tempera-

tures. These changes could be explained on the basis of a change in the spin-states

of Mn and Co, in terms of the charge disproportionation Mn+4 + Co+2 → Mn+3 +

Co+3 → Mn+4 + Co+2. Therefore ferromagnetism in the phase with a low magnetic

transition temperature (low-Tc phase) is due to Mn+4-O-Co+2 exchange interactions

and in the phase with a higher Tc (high-Tc phase), it is from Mn+3-O-Mn+3 interac-

tions, since Co+3 is present in its low-spin state (S = 0). On the other hand, in the
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case of La2MnNiO6, a ferromagnetic phase formed at low temperatures is slowly con-

verted into another phase with a higher Curie temperature when the low-temperature

synthesized sample is annealed in air in the temperature range 200–1300 ◦C. In this

case, the charge disproportionation, Mn+4 + Ni+2 → Mn+3 + Ni+3, could explain the

formation of the phase with a higher Tc. In both cases, higher Curie temperatures

are obtained when the transition metal ions are present in their trivalent states.

It is interesting to note that the high-Tc phase of La2MnCoO6 is formed at a

relatively lower temperature of 700 ◦C, whereas that of La2MnNiO6 is obtained after

processing at higher temperatures (> 1200 ◦C), even though both contain trivalent

metal ions. On the other hand, the high temperature treated La2MnCoO6 comprises

of Mn+4 and Co+2. Hence, it would be interesting to study the properties of a solid-

solution of the two compounds, i.e., La2MnCo1−xNixO6, to look for the possibility

of formation of novel single phase compositions with different magnetic transition

temperatures and spin-states of Mn, Co and Ni. Moreover, among La2MnCoO6 and

La2MnNiO6, the high-Tc phase of Ni compound has a higher magnetic transition

temperature by 50 K, probably due to contributions from additional ferromagnetic

exchange interactions involving Mn+3 and low-spin Ni+3 (low-spin Co+3 is a dia-

magnetic ion). To understand the role of this additional magnetic interaction, the

magnetic properties of La2MnCo1−xNixO6 is studied by replacing Co, in steps of 1/8,

with Ni.

5.1.2 Synthesis

Different compositions in La2MnCo1−xNixO6 were synthesized by the low-temperature

method as followed for the synthesis of the end members La2MnCoO6 (LMC) and

La2MnNiO6 (LMN). The compounds obtained at a lower synthesis temperature is

annealed in air at different temperatures in the range 200–1300 ◦C for 12 hours each

and furnace cooled to room temperature. Since the high-Tc phase of La2MnCoO6 is



Studies on La2MnCo1−xMxO6 155

formed at 700 ◦C, all the compositions are annealed at this temperature to detect

any magnetic phase formation. Similarly, all the samples are annealed at 1300-1350

◦C because the high-Tc phase of La2MnNiO6 and the low-Tc phase of La2MnCoO6

are formed after annealing at this temperature. The fact that the temperature of

formation of the high-Tc phases of the parent compounds are different, indicates

that perhaps the high-Tc phases of the intermediate compositions, may be formed in

the temperature range of 700–1300 ◦C. Therefore, the compositions after annealing

in the above temperature range are closely observed for any metastable phase for-

mation. Compared with the stoichiometric phases of the parent compounds, these

compositions are also considered as stoichiometric in oxygen content.

5.1.3 Magnetic measurements

All the compositions, after annealing at each temperatures, were measured for the

evolution of magnetic phases by zero field cooled (ZFC) magnetization measurements

at a lower field of 50 Oe. ZFC magnetization curves of different phases of the end-

members of the series La2MnCo1−xNixO6, viz., La2MnCoO6 (LMC) and La2MnNiO6

(LMN) are shown in Figure 5.1 for comparison. For both LMC and LMN, broad

ferromagnetic transitions are observed below 150 K, when annealed at 200 ◦C. Sim-

ilar to that observed for the end members, all the samples of La2MnCo1−xNixO6

annealed at 200 ◦C show a commensurate ferromagnetic transition below ∼ 150K,

as shown in Figure 5.2. This is indicative of a common mechanism for the origin

of ferromagnetism in these low-temperature synthesized samples. The broadness of

this magnetic transition is due to fine particle nature (∼20 nm) of the compounds

synthesized at very low temperatures. Since the magnetic transition temperatures of

all the compositions are broad, their Tcs are taken as that of the sharp transition of

the magnetically equivalent phase of LMC obtained after annealing at 1300 ◦C, which

is obtained as 145 K from the dM/dT curve. It is already described that the parent
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Figure 5.1: Comparison of the ZFC magnetization (H = 50 Oe) curves of the two
different phases of La2MnCoO6 and La2MnNiO6.

compounds (LMC and LMN) when annealed at 200 ◦C have Mn+4/Co+2 (Ni+2) com-

bination of spin-states. Therefore, it is sound to assume here also that tetravalent Mn

and divalent Co and Ni ions combination would be present in the low-temperature

annealed compositions. The identical magnetic transition temperatures, irrespective

of the concentration of Co or Ni, are because the major contribution to ferromag-

netism comes from Mn+4-O-M+2 superexchange. The strength of Mn+4-O-Co+2 and

Mn+4-O-Ni+2 superexchanges can be considered as almost the same, since both Co+2

(t52ge
2
g) and Ni+2 (t62ge

2
g) have the same number of eg electrons, which take part in σ

exchange interaction. Here, the other possible Mn4+-O-Mn4+ exchange interaction is

neglected owing to its antiferromagnetic nature.

For LMC, the high-Tc phase, in single phase form, is obtained when the low-

temperature synthesized sample is annealed at 700 ◦C. On the other hand, for LMN,

there is no pure phase formation at this annealing temperature, instead it exhibit
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Figure 5.2: ZFC magnetization (H = 50 Oe) curves of La2MnCo0.5Ni0.5O6 annealed
at 200 ◦C.

100 150 200 250 300
0.0

0.5

1.0
La2MnCo1-xNixO6 Fraction of Ni

    1- 0.0
    2- 0.25
    3- 0.50
    4- 0.75
    5- 0.875
    6- 1.0

5
6

4

3

2

1

M
 (e

m
u/

g)

T (K)

Figure 5.3: ZFC magnetization (H = 50 Oe) curves of different compositions in
La2MnCo1−xNixO6 annealed at 700 ◦C.
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a broad magnetic transition (see Figure 4.2). Hence, all the compositions in the

La2MnCo1−xNixO6 series were annealed at 700 ◦C, initially, to look for the formation

of any single phases. The ZFC magnetization curves of the samples annealed at 700

◦C are shown in Figure 5.3. A trend of gradual broadening of the magnetic transition

and increasing Tc, with the increase in Ni content, in addition to the smearing of

the peak in the magnetization curve, is observed. The latter phenomenon is possibly

due to the decreasing contribution of high uniaxial anisotropy of the Co ion, which

leads to the pinning of domain walls. The broadening of the magnetic transition

clearly tells that the long-range exchange interaction present in La2MnCoO6, which

shows a sharp magnetic transition, is broken down concomitant with a possible charge

disproportionation. This assumption can be understood from the behaviour of the

end-members under similar conditions, where a charge redistribution at certain an-

nealing temperature ranges result in such behaviours (see Section 3.1 and Chapter 4).

Before proceeding with the entire series, the nominal composition with x = 0.5

was investigated initially to have a better ground. The zero field cooled magnetization

(MZFC , at 50 Oe) curves of La2MnCo0.5Ni0.5O6, annealed at different temperatures

in the range 200–1300 ◦C are shown in Figure 5.4. The sample annealed at 200

◦C shows the same transition temperature as that of the other compositions in the

La2MnCo1−xNixO6 series. It is found that a high-Tc phase with a sharp magnetic

transition at 248 K (when compared to the Tcs of high-Tc phases of LMC (225

K) and LMN (273 K) is formed after annealing at 900 ◦C. It is observed that the

same magnetic transition temperature is observed for the sample annealed at 700◦C

also, but with a broader magnetic transition. Here, the striking point is that the

annealing temperature required to get the high-Tc phase of La2MnCo0.5Ni0.5O6, with

a sharp magnetic transition, is in between that of the corresponding phases of the

end-members. That is, the charge disproportionation Mn+4 + Co+2 → Mn+3 +

Co+3 is completed at a higher temperature when compared to that in LMC and the
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Figure 5.4: ZFC magnetization (H = 50 Oe) curves of La2MnCo0.5Ni0.5O6, annealed
at different temperatures.
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charge disproportionation Mn+4 + Ni+2 → Mn+3 + Ni+3 is completed at a lower

temperature when compared to that in LMN. Similarly, the sample annealed at 1300

◦C undergo a ferromagnetic transition at 226 K (from the dM/dT curve), i.e., the

Curie temperature is reduced from 248 K and this corresponds to an intermediate-Tc

phase (considering that the sample annealed at 200 ◦C showing a magnetic transition

below ∼150 K is the low-Tc phase).

Figure 5.5 illustrates the magnetization behaviour of the of different compositions

in La2MnCo1−xNixO6 showing highest Tcs, formed at successively increasing anneal-

ing temperatures. For x = 0.625 (dotted curve, 6) the transition temperature is not

much distinct from that of x = 0.5 (curve 5), indicating the influence of the latter

composition – that has equal amounts of Co and Ni – on the former. A preferential

formation of the phase containing equal amounts of Co and Ni is expected when x

is close to 0.5 due to the possibility for better and easy ordering of the ions in the

lattice. The cross over from Co dominant compositional region to Ni dominant region

is clearly visible from the concomitant change in the nature of the curve immediately

below Tc. The Co rich compositions show a peak whereas the Ni rich ones show a

plateau below Tc.

Figure 5.6 shows temperature variation of the magnetization of the single phase

compounds of some compositions in La2MnCo1−xNixO6, including that of the end-

members La2MnCoO6 (x = 0) and La2MnNiO6 (x = 1).The magnetization curves of x

= 0.25, 0.5 and 0.75, annealed at different temperatures, indicate that different phases

are possible when Co and Ni are present together. As soon as Co is incorporated in

place of Ni, in La2MnNiO6, the magnetic transition temperature of the samples heated

at 1300-1350 ◦C decreases and another phase with a higher transition temperature is

obtained when annealed between 700 and 1100 ◦C. This annealing temperature, to get

a single phase compound with higher Tc, decreases with decreasing the Ni content.

For higher Co concentrations studied (x = 0.125, 0.25, 0.375), a weak magnetic
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Figure 5.6: ZFC magnetization (H = 50 Oe) curves of the different phases of
La2MnCo1−xNixO6. The numbers on the curves indicate the annealing temperatures
in ◦C.

transition is observed at ≈ 226 K, for the samples annealed at 1350 ◦C. This transition

temperature corresponds to the Tc of x = 0.5 annealed at the same temperature,and

also is near to the high-Tc phase of La2MnCoO6. Since both these phases are found

to influence the neighbouring compositions, because of their preferential formation,

the compositions near to x = 0 may be stabilizing slight amounts of La2MnCoO6 and

those adjacent to x = 0.5 forms a phase of the same. This observation is analogous

to the case of the high-Tc phase of x = 0.625, whose Tc is not clearly distinct from
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Figure 5.7: Variation of Tcs of the two phases, with x, in La2MnCo1−xNixO6. The
solid lines are the calculated values as discussed in the text.

that of a phase corresponding to x = 0.5.

Figure 5.7 shows the variation of the magnetic transition temperatures of the two

different phases (intermediate-Tc and high-Tc) of La2MnCo1−xNixO6, as a function of

x. For the phase of La2MnCoO6 showing a higher magnetic transition temperature,

the rate of increase in the Tc with decreasing Co concentration is less than that ob-

served for the phase showing a lower Tc where the samples are heated to 1300-1350

◦C. In both cases, the change in Tc with x is almost linear, except for a deviation

from linearity for the phase with the lower Tc when x = 0.5. The possible reason

for this deviation is an additional ordering of Mn, Co, and Ni ions in the perovskite

lattice when they are present in equal amounts. This in turn can give rise to ad-

ditional magnetic exchange interactions, other than those present in the remaining

compositions.
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Figure 5.8: Powder XRD patterns of La2MnCo0.5Ni0.5O6, synthesized by low-
temperature method and annealed at 200, 900, and 1300 ◦C.

5.1.4 Powder XRD studies

All the compositions in the La2MnCo1−xNixO6 series annealed at 200 ◦C were found

to form perovskite phases. The powder XRD patterns of the x = 0.5 composition,

La2MnCo0.5Ni0.5O6, annealed at 200, 900 and 1300 ◦C are compared in Figure 5.8. A

single phase perovskite phase is formed in the 200 ◦C annealed sample and the broad

reflections are indicative of fine particle nature of the compound formed. Except for

the decreasing broadness of the reflections and splitting of the weak reflections due

to this effect, no other noticeable features are observed when samples are annealed in

the 200–1300 ◦C temperature range, though magnetic measurements on these sam-

ples showed different Tcs. Similar behaviour was observed for other compositions

also in the series. It was found from magnetic measurements that the temperature

of formation of the phase with the highest Curie temperatures – counterparts of the

high-Tc phase of La2MnCoO6 – in the pure form, increases with the increase in the
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Figure 5.9: Powder XRD patterns of La2MnCo1−xNixO6,synthesized by low-
temperature method and annealed at intermediate temperatures.

Ni content, from 700 ◦C for the Co end-member to 1300 ◦C for Ni end-member. The

XRD patterns of these high-Tc phases, obtained after annealing in the temperature

range 700-1300 ◦C for different compositions are compared in Figure 5.9. Compared

to the structures of the end-members, the two most probable structures for this series

are orthorhombic (for Co-rich compositions) and rhombohedral (for Ni-rich composi-

tions). Refinement of the XRD patterns of the samples annealed below 1100 ◦C, with

monoclinic P21/n (subgroup of orthorhombic for ionic ordering) and rhombohedral

R3 space groups did not give a noticeable difference in the goodness of the fit. One

of the reasons for this is the broad reflections due to smaller particles of the samples
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Figure 5.10: Powder XRD patterns of La2MnCo1−xNixO6, synthesized by low-
temperature method and annealed at 1300-1350 ◦C.

annealed at lower temperatures. Nevertheless, all the compositions are obtained in

the single phase forms without any impurity phases. For those samples annealed

above 1100 ◦C, a better agreement is obtained with the rhombohedral structure.

The powder XRD patterns of the different compositions in La2MnCo1−xNixO6,

formed after annealing in the temperature range 1300-1350 ◦C are shown in Fig-

ure 5.10. All the compositions are perovskite phases and they exhibit a system-

atic evolution of the rhombohedral structure of La2MnNiO6 from the orthorhombic

structure of La2MnCoO6. The peaks in the XRD pattern, which undergo noticeable

changes with the change in the concentration of Ni, are indicated with letters in
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Figure 5.11: Parts of the powder XRD patterns indicative of structural phase transi-
tion with increasing x in La2MnCo1−xNixO6, for samples annealed at 1300-1350 ◦C.
a–e are the regions identified in the previous figure.

Figure 5.10. The structural phase transition is continuous with respect to the con-

centration of Ni, a demarcation into orthorhombic (monoclinic) and rhombohedral

compositional regions is difficult. Therefore the different XRD patterns are refined

using both the monoclinic P21/n and rhombohedral R3 space groups. In the middle

compositional region, both these space groups give almost similar goodness of the

fit in refinement, whereas, the Co-rich region and the Ni-rich region showed better

refinement with monoclinic and rhombohedral structures, respectively. This is in

agreement with the structures of the end-members.
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Figure 5.12: Variation of lattice parameters with Ni concentration in low-Tc phases.

The waxing of the new peaks corresponding to the rhombohedral structure and

waning of the peaks corresponding to the monoclinic structure, with the increase in

Ni concentration, is illustrated in the Figure 5.11 (the reflections marked by letters in

Figure 5.10). The peaks at 2θ = 25.6, 32.6, 34.8, and 48.3, disappear and new peaks at

32.4, 32.9, 40.9, 53.1, and 59.0 appear eventually. Variations of the rhombohedral an-

gle, α, and the monoclinic angle, β, with the concentration of Ni in La2MnCo1−xNixO6

are shown in Figure 5.12.Since there is a structural transition, application of Végard’s

law to the variation of lattice parameters is not much sensible. However, since the

end-members are ion ordered, it is expected that in La2MnCo1−xNixO6 also Ni goes

into the Co-site selectively, instead of a random distribution.

5.1.5 Origin of ferromagnetism in La2MnCo1−xNixO6

When Ni is substituted by Co in La2MnNiO6 (end-member of La2MnCo1−xNixO6,

x = 1), the ”magnetic status quo” is changed and the compounds start behaving
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like La2MnCoO6 (x = 0). That is, when annealed between 700 and 1200 ◦C, the

Co-containing compositions show the formation of a phase with a higher Curie tem-

perature and further annealing at ≥1300 ◦C give a phase with a lower Tc. The only

difference is that the phase with the higher Tc, showing a sharp magnetic transition,

is obtained at higher temperatures for higher concentrations of Ni. For example,

high-Tc phase of x = 0.75 is formed only after annealing at 1100 ◦C; whereas for x

= 0.25, this phase is obtained at a lower annealing temperature of 800 ◦C. Hence, it

may be assumed that the compounds behave similar to the end members, depending

on the Co and Ni concentrations. That is, a double charge disproportionation Mn+4

+ Co+2 → Mn+3 + Co+3 → Mn+4 + Co+2 involving Mn and Co takes place corre-

sponding to the concentration of Co and a single charge disproportionation Mn+4 +

Ni+2 → Mn+3 + Ni+3 taking place corresponding to the concentration of Ni, when

these compositions are annealed in the temperature range 200-1350 ◦C, in air.

Based on the above arguments, for x = 0.25, that is, for La2MnCo0.75Ni0.25O6,

the phase showing a higher Tc (sample annealed at 800 ◦C) would contain Mn as

Mn+3, 0.75 Co as Co+3 and 0.25 Ni as Ni+3. When this phase is further annealed

at 1350 ◦C, 0.25 Mn and 0.25 Ni remain as Mn+3 and Ni+3 (as in La2MnNiO6),

respectively, whereas, 0.75 Mn is converted to Mn+4 and 0.75 Co is converted to

Co+2 (as in La2MnCoO6). Now, for La2MnCoO6 and La2MnNiO6, when the Tc =

145 K, the strength of the ferromagnetic interactions, Mn+4-O-Co+2 and Mn+4-O-

Ni+2, can be taken as 145 K. Similarly, for the high-Tc phase of La2MnCoO6 with

Tc = 225 K, containing Mn+3 and low-spin Co+3 (t62ge
0
g) ions, the strength of the

Mn+3-O-Mn+3 ferromagnetic interactions can be taken as 225 K. For La2MnNiO6,

the Tc of the high-Tc phase is 273 K. The difference between the Tcs of the high-Tc

phases of La2MnCoO6 and La2MnNiO6, 273 - 225 K = 48 K, can be considered as

the additional strength of Mn+3-O-Ni+3 interactions in La2MnNiO6. Based on these

arguments, the Tc of the high-Tc phase of La2MnCo0.75Ni0.25O6 can be calculated as
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Tc1 = 0.75 × 225 + 0.25 × 225 + 0.25 × 48 = 237 K. Similarly, for the sample

annealed at 1350 ◦C, the Tc can be calculated as Tc2 = 0.75 × 145 + 0. 25 × 225 +

0.25 × 48 = 177 K. The experimental Tcs obtained for these phases are 237 and 176

K, respectively. The experimental and calculated values are identical, indicating that

the above assumptions are correct. Hence, the Tcs of the two phases, for different

values of x in La2MnCo1−xNixO6, obtained after annealing in the temperature range

700–1350 ◦C, can be calculated as

Tc1(x) = (1− x)Q + xQ + xR (5.1)

Tc2(x) = (1− x)P + xQ + xR (5.2)

where P , Q, and R are the strengths of the ferromagnetic exchange interactions,

Mn+4-O-Co+2/Ni+2 (145 K), Mn+3-O-Mn+3 (225 K), and Mn+3-O-Ni+3 (48 K), re-

spectively.

The calculated Tc values of all compositions are shown in Figure 5.7. The exper-

imental and calculated values are almost comparable for all compositions, except for

the phase of x = 0.5 obtained after annealing at 1300 ◦C. According to the Equa-

tion 5.2, Tc is calculated as (225+48)/2 + 145/2 = 209 K, which is less by 17 K from

the experimental value. There is another possibility that Ni and equivalent amount

of Mn are present as in the high-Tc phase of LMN (Mn+3 and Ni+3) and out of total

Co and the rest of Mn, half of Mn and Co are present in an environment as in the

high-Tc phase of LMC (Mn+3 and Co+3) and the other half as in the low-Tc phase of

LMC (Mn+4 and Co+2). This is possible due to some kind of ordering of Mn, Co, and

Ni ions in specific lattice sites. This will give a calculated Tc of x
2
P + (x + x

2
)Q + xR

= 229 K, which is very close to the observed Tc of 226 K. The latter condition may

arise when those Co ions close to Ni are remaining as Co+3 and the remaining Co

ions are converted back to Co+2 ions because of a charge disproportionation involving

the Mn ions. Also an ordering of Mn+3, Mn+4, Co+2 and Ni+3, that are present in
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equal amounts, can give rise to additional ferromagnetic exchange interactions like

Mn+3-O-Mn+4, leading to higher Tc.

In La2MnCoO6, the high-Tc phase has the trivalent Mn and Co ions ordered

into alternate (001) planes. On the other hand, the low-Tc phase of La2MnCoO6

and high-Tc phase of La2MnNiO6, which are obtained after annealing at 1300 ◦C,

Mn and Co/Ni ions ordered into alternate (111) planes. In the solid-solution series,

La2MnCo1−xNixO6, the so called high-Tc phases formed after annealing in the tem-

perature range, 700-1200 ◦C, also contain all trivalent ions. The magnetization curves

of the Co-rich samples annealed at 700 ◦C (see Figure 5.3) are sharper like that of

La2MnCoO6 indicating the retention of the (001) ordering up to x = 0.5. Whereas,

the Ni-rich compositions show significant broadening of the magnetic transition and

a shift of the magnetic transition temperature to lower temperatures. The probable

reason is that, unlike low-spin Co+3, Ni+3 is a Jahn-Teller ion, and thus can not exert

(001) ordering. This leads to a competition between (001) and (111) ionic ordering

in the B-site for samples annealed at temperatures close to 700 ◦C. Naturally, in the

Ni-rich region, this competition will be severe leading to broadening of the magnetic

transition temperature. The formation of trivalent Ni from Ni+2 from the as-prepared

phase requires more energy and thus these phases are formed in pure form at suc-

cessively higher temperatures. At the same time Ni+3 enhances the ferromagnetic

interaction, thereby increasing the Tc. At this point of time, it can be assumed that

in the Co-rich compositions, the (001) ordering and in the Ni-rich compositions a

(111) ordering of ions are present in high-Tc phases. The fact that a (111) ordering

is materialized at a higher annealing temperature can be the reason for the increased

temperature of formation of the high-Tc phases in the Ni-rich compositions. As the

annealing temperature is increased, both the end-phases try for (111) ordering, re-

moving the ambiguity. Therefore, the intermediate-Tc phases of La2MnCo1−xNixO6

having tetravalent Mn corresponding to Co+2, and trivalent Mn corresponding to
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Ni+3 are considered to be (111) ordered. The Tc decreases with increasing Co con-

tent because of the lower strength of Mn+4-O-Co+2 interaction, compared to the

Mn+3-O-Mn+3 isotropic interaction.

5.1.6 Conclusions

All the compositions, except the end-members of the series La2MnCo1−xNixO6 forms

three different ferromagnetic phases, when synthesized by a low-temperature method

and annealed at different temperatures in the range 200–1300 ◦C. The difference be-

tween the magnetic behaviour of the end-members and the other compositions is

that the former have only two ferromagnetic phases, whereas all the intermediate

compositions have three ferromagnetic phases. The crystal structures of the com-

positions formed after annealing at 1300-1350 ◦C show a continuous transition from

monoclinic (structure of La2MnCoO6) to rhombohedral (structure of La2MnNiO6).

Multiple ferromagnetic phases are possible due to the different combinations of pos-

sible spin-states of Mn, Co and Ni. The ionic ordering and charge disproportionation

in the Mn-site facilitates the formation of different ferromagnetic phases. The present

study on La2MnCo1−xNixO6 shows that the ferromagnetic transition temperatures of

different phases of the compositions (0 < x < 1), obtained by annealing the low-

temperature synthesized samples at different temperatures in the range 200–1350◦C,

can be predicted on the basis of the T cs of the different phases of the end members

La2MnCoO6 (x = 0) and La2MnNiO6 (x = 1), assuming a combination of different

spin-states of Mn, Co and Ni in these compositions. The results also further confirms

the validity of the conclusion of different spin-states of these ions and the concept of

charge disproportionation during the formation of different ferromagnetic phases in

the end members.
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5.2 La2MnCo1−xFexO6

5.2.1 Background

It is interesting to note that, though LaMn1−xMxO3 (x ≤ 0.5) with M = Cr, Co, and

Ni are ferromagnetic, the corresponding compositions when M = Fe are not. Thus, it

appears that M plays a crucial role in determining the ferromagnetic exchange inter-

actions in the B-site substituted compositions. The effect of doping Fe, in the Mn-site,

on the magnetic, transport and magnetoresistive properties of R1−xDxMnO3 type sys-

tems have been studied by several authors [Ahn96, Gho99, Cha02]. Interestingly, all

these studies gave similar results. That is, as the concentration of Fe increases, the

spontaneous magnetization, the Curie temperature and the metal-insulator transi-

tion temperature decreases, the resistivity increases and magnetoresistance increases

up to a doping level of 10% of Fe. In the doped compounds, Fe is found to be

present in the high-spin Fe+3 (t32ge
2
g) state [Pis97]. The consequences of substitut-

ing Fe for Mn in R1−xDxMnO3 are explained on the basis of a) the break down of

long range ferromagnetic order in the system, as Fe+3 occupy the Mn-sites randomly,

b) the increased strength of Fe+3-O-Fe+3 antiferromagnetic superexchange interac-

tions, and c) the weakening of Mn+3-O-Mn+4 double exchange mechanism. Hebert

et al [Heb02b], from a recent study on the effect of doping different elements in the

Mn-site of Pr0.5Ca0.5MnO3, found spin glass like insulating properties for dopants

without d orbitals or with d0 and d10 configurations and Fe+3, with a half-filled d5

configuration, is also found to belong to this category in spite of the five unpaired

electrons.

Though polycrystalline La2MnFeO6 (LaMn0.5Fe0.5O3) was found to be not truly

ferromagnetic unlike its counter parts, La2MnCoO6 and La2MnNiO6, the recent study

by Ueda et al [Ued01] found ferromagnetism in thin film samples of La2MnFeO6

with Tc as high as 380 K, compared to the Curie temperatures of 225 and 273 K,
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respectively, observed for the polycrystalline Co and Ni compounds. The thin film

samples of La2MnFeO6 were prepared as an ordered array (artificial superlattice) of

Mn and Fe ions in the <111> direction of the perovskite lattice. Similarly, ordered

La2CrFeO6 superlattice films were also shown to be ferromagnetic when compared to

the antiferromagnetic behaviour of the polycrystalline specimen [Ued98]. According

to Goodenough [Goo55] and Kanamori [Kan59], Mn+3-O-Fe+3 is one of the strongest

ferromagnetic superexchange interactions, where a d4-O-d5 type exchange occurs. So,

the contradictory effect due to Fe doping in LaMnO3, found in the polycrystalline

and thin film samples, can be due to the lack of sufficiently long range Mn+3-O-Fe+3

superexchange interactions in the polycrystalline material.

To understand why ferromagnetism is not observed in polycrystalline La2MnFeO6,

a thorough investigation on the magnetic properties of La2MnCo1−xFexO6 is carried

out by gradually substituting increasing amounts of Co by Fe up to x = 1 in the

high-Tc phase of La2MnCoO6.

5.2.2 Synthesis

Polycrystalline La2MnCo1−xFexO6 (LMCF) samples, where 0.0 ≤ x ≤ 1, were pre-

pared by a low-temperature method as described previously. Since it was found that

the high-Tc phase of La2MnCoO6, in single phase form, is formed only if heated close

to 700 ◦C, all the samples were heated in air at 700 ◦C for 12 hours each and then

furnace cooled to room temperature. The samples were characterized by magnetic

measurements and powder x-ray diffraction studies. Zero field cooled (ZFC) magne-

tization, in the temperature range 80–300 K and using a low magnetic field of 50 Oe,

was measured while warming after cooling the sample from 300 K to 80 K in zero

applied field. Field cooled (FC) magnetization was measured at 50 Oe after cooling

the sample in this field. The field dependence of magnetization was measured at 82

K with a maximum applied field of 15 kOe.
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Figure 5.13: Powder x-ray diffraction patterns of different compositions in
La2MnCo1−xFexO6.

5.2.3 Powder XRD studies

XRD patterns of the different compositions in the series La2MnCo1−xFexO6 (0 ≤ x ≤
1) are shown in Figure 5.13. All the reflections in the XRD patterns correspond

to a perovskite structure, indicating the formation of single phase compounds. The

reflections could be indexed on a GdFeO3 type orthorhombic perovskite lattice with

the space group Pbnm. Variation of the lattice parameters, as a function of x, is

shown in Figure 5.14. A linear variation of the lattice parameters, with concentration,

is observed for the Fe containing compositions (x > 0). Formation of single phase
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Figure 5.14: Variation of the lattice parameters as a function of x in
La2MnCo1−xFexO6.

solid solution is further confirmed by this linear increase in the orthorhombic lattice

parameters when low-spin Co+3, having a lower ionic radius (rCo+3 = 0.545 Å), is

replaced by Fe+3 having a larger ionic radius (rFe+3 = 0.645 Å) [Sha76].

5.2.4 Magnetic measurements

Figure 5.15 shows the temperature dependence of zero field cooled magnetization

(MZFC) of La2MnCo1−xFexO6 for different values of x. A sharp magnetic transition

is observed for x = 0.0-0.3, without any change in the transition temperature. The

temperature at which a peak in MZFC is observed, Tp, also remains the same up to

x = 0.3 (Tp was found to be less for a composition with x = 0.35, see Figure 5.18).

Only the magnitude of magnetization decreases with increasing x in this range. As

the Fe content increases further, there are four parameters changing monotonously,

namely, the magnitude of maximum magnetization decreases, Tp decreases, the peak
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Figure 5.15: ZFC magnetization (H = 50 Oe) curves of different compositions in
La2MnCo1−xFexO6. Inset: magnetic hysteresis of the x = 0.8 composition measured
at 228 K.

at Tp broadens, and the magnetic transition becomes increasingly broad. Finally,

no sign of a magnetic transition is observed for x = 1, i.e., for the composition

La2MnCo1−xFexO6, down to 80 K.

The field cooled (FC) and zero field cooled (ZFC) magnetization (measured at H

= 50 Oe) curves of the x = 0 and 0.6 compositions are compared in Figure 5.16. For

both compositions, thermomagnetic irreversibility (MFC > MZFC) is observed at low

temperatures. The FC and ZFC curves meet at a certain temperature between Tc

and Tp and the magnetization behaviours of both samples are comparable.

The magnetic hysteresis curves, recorded at 82 K, of all compositions are shown

in Figure 5.17. Though no clear magnetic transition is observed for x = 1, a well-

defined hysteresis loop is obtained for this composition at 82 K. This indicates that

La2MnFeO6 is not truly paramagnetic at low temperatures.
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The variations of Tp as well as the coercivity (Hc) and the magnetization (M) at

82 K, as a function of x, are shown in Figure 5.18. Tp remains constant up to x = 0.3

and then decreases suddenly for x = 0.35 and varies non-linearly with x. Similarly,

the coercivity remains almost constant below x = 0.4 and then decreases sharply to

a low value by one order of magnitude for x = 1. The magnetization (M) at 82 K,

measured at a field of 15 kOe, decreases as x is increased in La2MnCo1−xFexO6 from

x = 0 to 1. After an initial linear decrease of M at the rate of 10%, up to x = 0.3, a

small slope change is observed between x = 0.3 and 0.4 and M then decreases again

linearly by approximately at the rate of 10% up to x = 1.

The linear increase in the lattice parameters of La2MnCo1−xFexO6, when Co is

replaced by Fe, is in accordance with Végard’s law [Veg21]. It is known that a linear

variation of the lattice parameter as a function of concentration is associated with a

random distribution of the constituents in the lattice. i.e., deviations from the linear

Végard’s law dependence of lattice parameter versus concentration are associated

with tendencies towards ordering [Ice99].

In the A2BB′O6 perovskite lattice, the ordered state is established due to a charge

difference or a substantial difference in the ionic radii between the two B-site ions, and

the size difference is found to be more critical [Gal62, Gal69, Che96]. For example,

for the ordered double perovskite Sr2FeMoO6, ordering is possible because of the

charge and ionic size differences between Fe+3 (r = 0.645 Å) and Mo5+ (r = 0.61 Å).

When Mo5+ is gradually substituted by W5+ with comparable ionic radius (0.62 Å),

a non-linear change in the lattice parameters is observed [Das01]. On the other hand,

when Fe+3 is substituted by Cr+3 (r = 0.615 Å), having comparable ionic radius with

that of Mo5+ (r = 0.61 Å), a total disorder is observed in the B-site and the lattice

parameters follow a linear variation, even though the charge difference remains the

same [Bla02c].

In the case of La2MnMO6, where M = Co or Ni, ordering of Mn+3 and M+3 ions
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in the B-site is expected because of the considerable ionic size difference of Mn+3

(0.645 Å) from that of low-spin Co+3 (0.545 Å) or Ni+3 (0.56 Å) ions. Goodenough

et al [Goo61] considered the case of ordering of Mn+3 and the non-magnetic Ga+3

ions in the lattice of LaMn1−xGaxO3, because of the ionic size differences between

Mn+3 and Ga+3, to explain the origin of ferromagnetism in this series. So, it may

be considered that the Mn and Co ions are ordered in the alternate ab planes of

La2MnCoO6 lattice, as in the case of the double perovskite Sr2FeMoO6 [Tom00]. It

is difficult to observe superlattice reflections of ordered structure in the powder x-ray

spectrum of the Co and Ni compounds, due to the similarity in the scattering factors
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of the B-site ions in the perovskite structure. This ordered model can explain the

charge disproportionation, Mn+3 + Co+3 −→ Mn+4 + Co+2, when the high-Tc phase

of the compound is converted to a low-Tc phase on processing at higher temperatures.

Based on these arguments, it can be expected that La2MnFeO6 will be a disordered

system because of the identical sizes of Mn+3 and Fe+3 (0.645 Å) ions, as in the case

of Sr2CrMoO6.

In the present case, the variation of lattice parameters as a function of x (x >

0) is almost linear, indicating the possibility for a random distribution of the B-site

ions. Then there are two different ways for random distribution of the ions in the

B-site of the La2MnCo1−xFexO6 perovskite lattice. Either the Co and Fe ions are

randomly distributed in a plane containing the Co and Fe ions (Co sublattice of the

pristine compound) since only Co is replaced by Fe in the ordered structure or all the

three ions, Mn, Fe and Co, are randomly distributed throughout the B-sites. The

chances for the first case are less due to the large difference in the ionic sizes of Co+3

and Fe+3. More over, such a distribution is expected to show large anisotropy in the

lattice parameters. On the other hand, because of the identical ionic sizes of Mn+3

and Fe+3 (0.645Å), a total disorder in the B-site can be expected, as found in the

case of Sr2(FeCr)MoO6.

In the high-Tc ferromagnetic phase of La2MnCoO6, the Mn and Co ions are in

their trivalent states. More over, the trivalent Co ion is present in the low-spin

(S = 0) state with the electronic configuration t62ge
0
g. This ion is non-magnetic and

therefore the contribution to ferromagnetism comes mainly from Mn+3 ions. Here,

considering the ordering of Mn and Co ions in the alternate ab planes, it is possible

that ferromagnetism arises from Mn-O-Mn superexchange interactions within the Mn

planes, and three dimensional ordering is possible through Mn-O-Co-O-Mn exchange

interactions along c-axis. If it is assumed that the substituted Fe ions are distributed

within the Co planes only, then the effect of substitution is to weaken the latter inter-
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planar magnetic interactions, even if the Fe and Co ions are randomly distributed

within this plane. This will effectively alter the magnetic transition temperature on

Fe substitution. However, instead of a shift in Tc, a broadening of the magnetic

transition is observed on Fe substitution. On the other hand, if all the three ions;

Mn, Co, and Fe, are randomly distributed as soon as a small amount of Co is replaced

by Fe in La2MnCoO6, a different scenario is expected. If the role of Fe+3 is similar to

that observed in Pr0.5Ca0.5MnO3, by Hebert et al [Heb02b], it may be assumed that

ferromagnetic clusters (containing Mn and Co ions) will be formed which are blocked

from long range ordering by the Fe ions and Fe+3-O-Fe+3 antiferromagnetic exchange

interactions will be more predominant. In this case, it is expected that the magnetic

transition of La2MnCoO6 will be broadened with Fe substitution and a cluster-glass-

like or spin-glass-like behaviour will be observed depending on the Fe concentration.

Kuznetsov et al recently reported Mössbauer spectral evidence for disorder in the

B-site of the perovskite series LaFe1−xCrxO3 whose lattice parameters vary linearly

as a function of x [Kuz01]. Similarly, Blasco et al [Bla02c], from neutron diffraction

studies, found that the ordered structure of the double perovskite Sr2FeMoO6 becomes

disordered on substitution of Fe by Cr, and the Mo, Fe and Cr ions are distributed

randomly over the Fe and Mo sites due to the comparable sizes of Mo5+ and Cr+3.

The magnetic hysteresis loop, shown in the inset of Figure 5.15, is recorded for

the x = 0.8 composition, at 228 K, just below the magnetic transition temperature

of the x = 0 composition. The well-defined hysteresis loop indicates that still sponta-

neous magnetization is present at this temperature for this composition and confirms

that there is no shift in the Curie temperature with increasing x. The continuously

increasing magnetization at higher fields, for x = 0.8, may be from the presence of a

large paramagnetic component due to the spins which are not ordered.

Thermomagnetic irreversibility (MFC > MZFC) and a peak in MZFC are gen-

erally considered as the peculiar characteristics of spin glass or superparamagnetic
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systems. However, many long range ordered systems, including high-Tc ferrimagnetic

systems, have been shown to exhibit similar behaviour due to domain wall pinning

effects [Roy97, Kum99, Kum00, Joy00, Sok02]. For ferromagnetic systems, such as

La2MnCoO6 (x = 0), the sharp peak in MZFC close to Tc and the thermomagnetic

irreversibility below Tc originate from the magnetocrystalline anisotropy. A peak is

observed at a temperature below which the anisotropy field overcomes the applied

magnetic field [Joy00]. Similarly, thermomagnetic irreversibility is observed below

a certain temperature if MFC and MZFC are measured with magnetic fields less

than the field below which irreversibility of magnetization is observed in M vs. H

measurements at a certain temperature [Kum99]. The thermomagnetic irreversibility

behaviour observed for the x = 0.6 in La2MnCo1−xFexO6 is much different from those

of spin glass or superparamagnetic characteristics [Sen95]; the FC magnetization in

the present case decreases continuously from the lowest temperature through Tp and

no anomaly is observed in the MFC curve at Tp.

The magnetic behaviour of La2MnCo1−xFexO6, i.e., increasing the broadness of

the magnetic transition with increasing value of x and the observation of sponta-

neous magnetization up to x = 1, are indicative of dilution of the magnetic lattice

randomly. This is in accordance with the conclusions derived from the structural

studies. Therefore, it can be assumed that Mn, Fe, and Co occupy the B-site in an

absolutely random manner, as it was found in similar systems [Bla02c], and hence

the magnetic behaviour of Fe substituted compound may be explained in terms of

random percolation [Sta85]. However, in the present case, the change in the magnetic

behaviour on substitution of Co by Fe in La2MnCoO6 is unlike the usual case of sub-

stitution of a magnetic lattice with non-magnetic atoms, i.e., dilution of the magnetic

lattice. The original compound LaMnO3 is not ferromagnetic because of the antifer-

romagnetic ordering of the adjacent ferromagnetic planes. In La2MnCoO6, Co is a

diamagnetic ion and the magnetic Mn and non-magnetic Co ions are ordered in differ-
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ent planes (Mn and Co sublattices) so that the inter-layer antiferromagnetic ordering

found in LaMnO3 is destroyed. Then the role of Co ions in determining ferromag-

netism of the compound is to support 3-dimensional magnetic ordering through 180◦

Mn-O-Co-O-Mn type superexchange interactions. When Fe, which is a magnetic ion,

is substituted for Co, instead of favoring a strong Mn-O-Fe ferromagnetic exchange,

the effect is the ’dilution’ of the magnetic Mn sublattice by a random distribution of

Mn, Co, and Fe on the B-site of the perovskite. Blasco et al have shown the evidence

for such a distribution when Fe in the ordered perovskite Sr2MoFeO6 is substituted

by Cr [Bla02c]. The results reported by these authors show that nearly 65% of the

substituted Cr and 10% of the remaining Fe goes to the Mo sublattice. Therefore, in

the present case, Fe+3 with a d5 configuration is behaving like a non-magnetic ion,

similar to that observed by Hebert et al [Heb02b].

La2MnCo1−xFexO6 (LMCF) may be considered as made of the end members

La2MnCoO6 (LMC) and La2MnFeO6 (LMF). LMC is an ordered double perovskite

whereas LMF is a completely disordered system. Thus, LMC can be considered as

an infinite ferromagnetic lattice in the sense that ferromagnetic interactions in it is

extendible to infinity. Now, consider the substitution of a fraction x of the Co ions

by Fe in LMC. In effect, such a substitution removes x Co ions which are prone to

order and introduces x Fe ions which are prone to disorder. That is, totally it will

generate x disorder in the B-site ions of LMCF. In other words, it will destroy 10%

of the ferromagnetic Mn-O-Mn interactions in the LMC lattice when substituted by

10% Fe. In effect, a corresponding decrease in the magnetization is observed for this

composition. Assuming a random distribution of the Fe ions in the B-lattice, then

the magnetization of LMC should decrease by 10% for every 10% substitution. The

calculated values, Mx = M0(1−x), are almost comparable to the experimental values

based on this assumption, as shown in Figure 5.18.

The observations that the sharp magnetic transition at the Tc of the infinite
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ferromagnetic lattice of La2MnCoO6 remains unaffected, Tp and Hc are independent

of x, and M decreases initially as expected, up to a doping level of x = 0.3, in

La2MnCo1−xFexO6, suggest the presence of infinite ferromagnetic clusters comprising

of Mn-O-Mn and Mn-O-Co-O-Mn exchange interactions below this value of x. In

the perovskite structure, the B-site ions form a simple cubic lattice. For a simple

cubic ferromagnetic lattice, the percolation threshold, xc = 0.31 [Sta85]. That is,

a material will not show spontaneous magnetization if the fraction of nonmagnetic

atoms is greater than 1-xc = 0.69. In the case of La2MnCoO6, this may not be

directly applicable because already 50% of the lattice is occupied by nonmagnetic

trivalent low-spin Co ions and these ions ordered in alternate layers are responsible

for ferromagnetism when compared to the antiferromagnetic behaviour of LaMnO3.

However, in the present case, a fraction of Mn+3 ions from the ferromagnetic layers is

removed and distributed in the nonmagnetic Co layers and their position is occupied

by Fe and Co which are randomly distributed in the Mn layer, when Fe is substituted

for Co. So, effectively, the concentration of the ‘magnetic ions’ in the ferromagnetic

layer is decreased.

In LMC, Co is acting as a catalyst which help Mn ions to order in such a way

that the Mn-O-Mn ferromagnetic exchange is possible to a maximum extent in a

plane. As Co in LMC is substituted by Fe, a random distribution of Fe in the Mn

and Co planes weaken the Mn-O-Mn interactions within a plane as well as the Mn-

O-Co-O-Mn inter-planar ferromagnetic interactions. That is, the Mn-O-Mn interac-

tions are broken randomly, producing broadening and weakening of the ferromagnetic

transition. Data shown in Figure 5.17 indicate that even for the fully substituted

compound, La2MnFeO6, magnetic hysteresis is observed at low temperatures. This

implies the spontaneous magnetization present in the sample, as observed in the case

of Sr2CrMoO6 [Bla02c]. Therefore, it may be concluded that, on substitution of Fe

for Co in La2MnCoO6, the Mn and Co sites are randomly occupied by Fe. The ob-
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served magnetic behaviour of La2MnCo1−xFexO6 is, therefore, a case of random site

percolation.

5.2.5 Conclusions

La2MnCoO6 is a ferromagnetic compound whereas the related compound La2MnFeO6

is not. We have studied the magnetic properties of La2MnCo1−xFexO6, by gradually

substituting increasing amounts of Co by Fe up to x = 1, to understand the role of Fe

in determining the magnetic properties of La2MnFeO6. It was found that the magnetic

transition remains sharp, the temperature at which a peak in the ZFC magnetization

curve is obtained and the coercivity at low temperatures are found to be independent

of x, up to a value of x = 0.3 in La2MnCo1−xFexO6. A broadening of the magnetic

transition is observed for x above 0.3. A 10% decrease in the magnetization is observed

for every 0.1 increment in x, in the entire range of substitution. This decrease in

magnetization is in accordance with Mx = M0(1− x), based on the assumption that

the Mn, Co and Fe ions are randomly distributed in the B-site of the perovskite

lattice. The observed magnetic properties of La2MnCo1−xFexO6 can be explained in

terms of random site percolation behaviour.

5.3 La2MnCo1−xAlxO6

5.3.1 Background

It is interesting to note that, though non-magnetic ions, Ga+3 substituted compo-

sitions, LaMn1−xGaxO3, are ferromagnetic [Ver02] whereas Al+3 substituted com-

positions, LaMn1−xAlxO3, are not [Jon56]. Hebert et al, from the studies on the

substitution of Mn in Pr0.5Ca0.5MnO3 with 5% of different elements showed that the

dopants without d orbitals such as Al+3 or with d10 configuration such as Ga+3, induce

orbital disordering, partially destroying the orbital ordering of Mn+3 [Heb02b]. From



Studies on La2MnCo1−xMxO6 186

neutron diffraction studies, Cussen et al found that the Ga+3 ions are distributed

randomly in the Mn lattice of La2MnGaO6 and ferromagnetism in the compound is

due to the ferromagnetic coupling of the ferromagnetic Mn+3 layers as in the parent

compound LaMnO3 [Cus01].

If Co ions in La2MnCoO6 is present as low-spin Co+3, which is a diamagnetic ion

(t62ge
0
g, S = 0), along with Mn+3, in the high-Tc phase, it is not known what is the

role of the Co ions in determining the ferromagnetic properties of the compound. To

understand this, the Co+3 ion in La2MnCoO6 is partially replaced by Al+3 which is

a non-magnetic ion having no d orbitals. More over, the sizes of these two ions are

comparable (0.545 and 0.535 Å, respectively [Sha76], for low-spin Co+3 and Al+3 ions,

in six-fold coordination) and therefore not much structural distortions are expected

on substitution of Co by Al.

5.3.2 Synthesis

Different compositions in La2MnCo1−xAlxO6 (0 ≤ x ≤ 1) were synthesized by a

low-temperature combustion method, as described previously, from stoichiometric

mixture of the water solutions of the nitrates of La, Mn, Co and Al and two moles

of glycine for one mole of metal ion. Powder formed, from the combustion reaction,

were further annealed in air at 700 ◦C for 12 hours each, as it was found earlier that

the high-Tc phase of the parent compound, in single phase form, is obtained after

annealing at this temperature. The powder samples were characterized using powder

x-ray diffraction and magnetic measurements.

5.3.3 Powder XRD studies

Figure 5.19 shows the powder x-ray diffraction patterns of different compositions in

La2MnCo1−xAlxO6. All the reflections are some what broad, and this is due to the
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Figure 5.19: Powder XRD patterns for different compositions in La2MnCo1−xAlxO6.

smaller particle sizes of the powder samples, as the different compositions synthesized

by the low-temperature method are annealed at 700 ◦C only. The particle sizes,

calculated using the Scherrer formula, were found to be ∼40 nm for all samples.

All the diffraction patterns are almost identical, showing not much variation in the

positions or intensities of the corresponding reflections. The XRD patterns are almost

similar to that reported by Dass and Goodenough for a low-temperature synthesized

sample annealed at 600 ◦C [Das03], except for the absence of few weak reflections.
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Figure 5.20: Evolution of peaks in two different 2θ regions (indicated by arrows in
the previous figure) in the powder XRD patterns of La2MnCo1−xAlxO6, with x.

A close examination of the XRD patterns in Figure 5.19 reveals splitting of the re-

flections at higher diffraction angles, especially for x = 0.4. Such splitting is expected

for a rhombohedral perovskite structure. Hence, the XRD patterns of all compositions

in La2MnCo1−xAlxO6 were closely examined to look for any noticeable differences in

the patterns, with respect to the monoclinic and rhombohedral structures reported

for La2MnCoO6 by Bull et al [Bul03]. Figure 5.20 shows the powder XRD patterns,

recorded at a very slow scan rate, in the two-theta region where the (111) reflection

from the monoclinic perovskite lattice of La2MnCoO6 is expected and also the ex-

panded pattern in the two-theta region where a clear splitting of the peak is expected

for the rhombohedral lattice (as indicated by arrows in Figure 5.19). It may be seen

that the (111) reflection from the monoclinic structure is observed for x ≤ 0.25. This

reflection is observed with almost equal intensity for x ≤ 0.2, is absent for x ≥ 0.3

and partially present for x = 0.25. This implies that compositions with x > 0.25 are
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Figure 5.21: Variation of the lattice parameters, as a function of x in
La2MnCo1−xAlxO6. inset: variation of monoclinic and rhombohedral angles, as a
function of x.

having rhombohedral structure, compositions with x < 0.25 are monoclinic and for

x = 0.25, there is a possibility of formation of mixed phases with the two structures.

Similarly, at higher diffraction angles, a single peak initially observed for x < 0.25

splits in to two for intermediate values of x and again converged in to a single peak

for x > 0.6. The diffraction angle increases with increasing x, indicating a decrease in

the lattice parameter and this is due to the replacement of Co+3 ions by the slightly

smaller Al+3 ions.

A change over of the structure from monoclinic to rhombohedral is clearly evident

from Figure 5.20. Based on these observations, the diffraction patterns of the low

Al containing compositions are indexed to a monoclinic structure and those of the

high Al containing compositions are indexed on the rhombohedral structure, initially,

as reported for the ordered structure of La2MnCoO6, by Bull et al. However, for
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x ≥ 0.6 , only single peaks are observed in the XRD patterns, in the high 2θ region

as shown in Figure 5.20. The XRD patterns for these compositions could be fitted

well to a cubic perovskite structure. Figure 5.21 shows the variation of the lattice

parameters of the compositions, as a function of x, in La2MnCo1−xAlxO6. Lattice

parameters were calculated based on both the monoclinic and rhombohedral struc-

tures for compositions close to x = 0.25. Similarly, parameters were calculated for

both rhombohedral and cubic structures in the vicinity of x = 0.6. Large deviations

in the monoclinic lattice parameters are observed for x > 0.25 and rhombohedral

lattice parameters for x < 0.25. Similarly, large variation in the rhombohedral angle

is observed for x > 0.6. The rhombohedral angle varies very little for x = 0.25 to 0.6

and large deviation is observed for x > 0.6, indicating the cubic structure at larger x

values. These observations clearly show that the structure of fig5c-3cel changes from

monoclinic to rhombohedral above x = 0.25 and from rhombohedral to cubic above x

= 0.6. There is an over all decrease in the size of the unit cell with increasing x and

this is in accordance with the smaller ionic size of Al+3. The difference in the lattice

parameters of the compositions with x = 0 and 1 are comparable to that between

LaCoO3 and LaAlO3 [Gal69].

5.3.4 Magnetic measurements

Figure 5.22 shows the temperature variation of zero field cooled magnetization of

different compositions in La2MnCo1−xAlxO6. A ferromagnetic transition below 230

K is observed for x = 0. The ferromagnetic transition temperature is decreased as the

concentration of Al is increased. The magnetic transition remains almost sharp for

lower concentrations of Al, up to x = 0.4. The magnetic transition becomes broader

when more than 50% of Co is replaced by Al, and finally no magnetic transition is

observed for x = 1, i.e., for the composition La2MnAlO6.

The magnetization behaviour of different compositions in La2MnCo1−xAlxO6, as
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Figure 5.22: Zero field cooled magnetization curves of different compositions in the
series La2MnCo1−xAlxO6, measured at 50 Oe.

a function of magnetic field, measured at 82 K, are shown in Figure 5.23. Though no

magnetic saturation is obtained even at the highest measuring field of 15 kOe, there

are some interesting observations. First of all, the magnetization, at 15 kOe, decreases

only marginally for values of x up to 0.2. The magnetization is further increased to

a larger value for x = 0.3 and then decreases with increasing x. True paramagnetic

behaviour is observed for x = 1. Apart from the above observations, it is seen that

the shape of the initial magnetization curves is also affected by Al substitution. The

curve for x = 0 is more S-shaped, with no magnetic saturation at all. The degree of

magnetic saturation increases and the S-shaped behaviour decreases with increasing

Al concentration.

The variation of the magnetic transition temperature and the ferromagnetic mo-

ment, measured at 15 kOe and 82 K, as a function of Al content, is shown in Fig-

ure 5.24. The magnetic transition temperature decreases almost linearly with x (Tc
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Figure 5.23: Magnetization as a function of field, measured at 82 K, for different
compositions in La2MnCo1−xAlxO6.

is obtained as the temperature at which dM/dT is maximum), which is expected,

because of the increasing concentration of the non-magnetic ion Al+3. Though the

concentration of the magnetic ions, Mn+3, is not affected on the substitution of Co+3

by Al+3, the magnetization remains almost constant up to x = 0.2, jumped to a higher

value for x = 0.3 and then decreases linearly further with increasing concentration of

Al. It may be seen that the magnetic moment, even after substitution of 50% of Co

by Al, is comparable to that of the pristine compound La2MnCoO6.

The above observations can be explained if it is assumed that only Mn+3 ions are

responsible for ferromagnetism and the three dimensional ferromagnetic exchange

interaction between the ferromagnetically ordered manganese layers is facilitated

through the empty eg d-orbitals of Co+3 ions. This explains why ferromagnetism

is not observed when Co is replaced completely by Al which contains no d orbitals.

The fact that La2MnAlO6 is not magnetic, indicates that the presence of Co is es-
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Figure 5.24: Variation of Curie temperature and saturation magnetization at 82 K
and 15 kOe, as a function of x in La2MnCo1−xAlxO6.

sential in inducing ferromagnetism. Jonker earlier reported that all compositions in

the LaMn1−xAlxO3 system are not ferromagnetic [Jon56]. This is an indication for

the fact that mere removal of part of the Jahn-Teller Mn+3 ions alone is not a pre-

requisite for inducing ferromagnetism in LaMnO3. It may be recalled that, in the

colossal magnetoresistive manganites, La1−xDxMnO3, where D is a divalent ion, fer-

romagnetism arises due to the double exchange ferromagnetic interactions between

Mn+3 and the Mn+4 ions and this ferromagnetism is destroyed on the substitution of

Mn by Al [Bla97].

For La2Mn+3Co+3O6, the theoretically expected spin-only value of saturation mo-

ment is 4 µB (Mn+3: S = 2, Co+3: S = 0). For La2Mn+3Co+3O6, a ferromagnetic

moment close to this value is obtained at 5 K under a magnetic field of 5.5 T [Ver02].

The lower experimental values for La2MnCoO6 may be due to large orbital moment

contribution from Co. As the amount of Co is decreased initially (increasing Al
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concentration) this orbital contribution is decreased, as evidenced by the decreasing

S-shape of the initial magnetization curves and the saturation magnetization increases

toward the theoretical value, with a maximum experimental value for x = 0.3. The

increasing magnetic moment, for x > 0.2, may also be due to the structural change

from monoclinic to rhombohedral above this concentration. Compared to the mono-

clinic structure, the rhombohedral structure is less distorted for perovskites and this

causes an increase in the B-O-B angle thereby increasing the strength of the magnetic

exchange interactions. Further increasing the Al concentration has a negative impact,

the dilution effect overtakes the positive contribution of decreasing orbital contribu-

tion, by effectively reducing the strength of the magnetic exchange interactions.

5.3.5 Conclusions

The present study on La2MnCo1−xAlxO6 reveals the large orbital contribution to the

magnetic moment, making the system very difficult to saturate. A structural change

from monoclinic to rhombohedral is observed for x > 0.2. Higher saturation magnetic

moments are obtained above this composition, when Co+3 is partially replaced by the

non-magnetic Al+3 ions and this may be due to the decreasing orbital contribution

from Co or due to the transition to a less distorted structure (or a combination of

both). At higher concentrations of Al, the dilution effect is the dominant factor and

therefore saturation magnetization decreases.



Chapter 6

Studies on RE2MnMO6

Though the rare-earth perovskites, REMO3 (RE=rare-earth ion, M=transition metal

ion), are known since 1950 [Gal69, Goo70], the double perovskite compositions of the

rare-earth ions RE2MnMO6 (M=transition metal ions) are rarely studied. Because

of the decreasing ionic radius of the trivalent rare-earth ions across the lanthanide se-

ries, it is expected that such a change in the size of A-site ion in the double perovskites

will be sensitive to the crystal structures as well as to the magnetic properties. In the

case of extremely smaller ionic sizes, the perovskite structure as such will collapse and

hexagonal structures will be formed. The validity of such arguments can be checked

by the studies on RE2MnMO6.

6.1 Background

As described in the previous chapters, for La2MnMO6 with M = Co or Ni, two fer-

romagnetic phases are possible with different spin-states of Mn and M ions. These

phases can be obtained in single phase forms by a low-temperature method of syn-

thesis. For La2MnCoO6, the phases with a higher Curie temperature (high-Tc phase)

is stable only below 700 ◦C which is converted to another phase (low-Tc phase) after

repeatedly heating at higher temperatures (1300 ◦C). In the case of La2MnNiO6, the

low-Tc phase is stable only up to 400 ◦C and a high-Tc phase is formed in the pure
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form when heated above 1200 ◦C. In high-Tc phases of La2MnMO6, Mn ion is present

in the high-spin trivalent state and Co or Ni ion is present in the low-spin trivalent

state. Though the ionic sizes of low-spin Co and Ni ions are almost comparable (0.545

and 0.56 Å, respectively [Sha76]), the Tc of Ni compound is higher than that of the

corresponding Co compound due to the additional strength of Mn+3-O-Ni+3 ferro-

magnetic exchange interactions in La2MnNiO6. This difference stems from the fact

that low-spin Co+3 is a diamagnetic ion (t62ge
0
g, S = 0) whereas low-spin Ni+3 contains

one unpaired electron in the eg orbital (t62ge
1
g, S = 1/2) which can take part in the

superexchange process.

It is reported that the magnetic ordering in some of the rare-earth containing com-

positions (RE = Pr, Nd, etc. in RE2MnCoO6), synthesized by the ceramic method,

occurs in a wide temperature interval [Tro97]. This is comparable to the case of insuf-

ficiently heat treated La2MnCoO6, where the partial formation of the phases broadens

the magnetic transition temperature. Therefore, to investigate whether more than

one ferromagnetic phase is possible in other rare-earth containing compositions also,

RE2MnMO6 (M = Co, Ni) is synthesized by the low-temperature method, which

facilitate the formation of any metastable phases if exists.

It is reported that in the double perovskites containing Mn+3 and other non-

magnetic ions Ti, Nb, or Ta, ferromagnetism originates from Mn+3-O-Mn+3 superex-

change interactions when the Mn-O-Mn angle is greater than 150 degrees [Hav66],

and the same interaction become antiferromagnetic for lower angles. In other words,

this angle decides the strength and nature (sign) of the superexchange interactions.

This is because the extent of overlap between O2p and M3d orbitals depends up on

the M -O-M angle which in turn determines the strength of the corresponding su-

perexchange interactions. Naturally, the more this bond angle nearer to 180◦, the

overlapping is more and results in stronger ferromagnetism [Ega01]. In perovskites,

the ideal value of 180◦ (corresponds to a cubic crystal structure) for ferromagnetic
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Mn+3-O-Mn+3 exchange , is rarely encountered . In manganates, the Mn-O-Mn (or

generally M -O-M) bond angle is less than 180◦, due to the tilting of the Mn+3O6

octahedra, caused by the ionic-size mismatch (see Section 1.2.1) and also slightly due

to the distortion of the Mn+3O6 octahedra from Jahn-Teller effect (as described in

Section 1.2.2). The above two effects lead to the puckering of the M -O-M angle and

thereby lessening the overlap between O2p and M3d orbitals which in turn weak-

ens the ferromagnetic exchange interaction and supposedly reduce the ferromagnetic

ordering temperature.

In the perovskite oxides, ABO3, the tolerance factor, t, calculated using Equa-

tion 1.1, gives an account of the degree of distortion of the unit cell structure from

cubic symmetry of t = 1. So, a decrease in the ferromagnetic transition tempera-

ture is expected, as the tolerance factor is decreased. The tolerance factor can be

decreased by decreasing the ionic radius of A for a given B ion. This is happening

when La, in LaMnO3 (La+3 is the largest trivalent rare-earth ion), is replaced by rare

earth ions. The ionic size decreases continuously from the left to the right in the lan-

thanide series, and therefore, the strain associated with the reduction of ionic-size of

RE+3 increases, consequently increasing the octahedral tilting [Alo00]. Therefore, the

Tc of a ferromagnetic perovskite manganate is expected to decrease with decreasing

< rA >, which is the average ionic radius of the A-site cation(s), or with decreasing

tolerance factor. This behaviour has already been observed for the A-site substituted

manganates and the importance of the role of crystal chemistry on the properties of

the A-site substituted manganates has been studied in great detail [Rav98].

The effect of the size of rare-earth ion (RE = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er

and Yb) on the ferromagnetic exchange interactions, and therefore, the Tcs of the

double perovskite composition RE2MnMO6 is investigated. Based on the results on

La2MnCoO6 and La2MnNiO6 (on the different ferromagnetic phases obtained, after

annealing the low-temperature synthesized samples at different temperatures) the RE
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compositions were also studied under similar conditions to look for new metastable

phases. Such a study is expected to enhance the understanding of the structural-

magnetic property correlation of double-perovskites.

6.2 Synthesis

The few reports in the literature on rare-earth containing double perovskite man-

ganese compounds are based on the samples synthesized by the conventional solid-

state reaction method. As observed in the case of La2MnMO6, when synthesized by

the low-temperature method, there is a possibility of formation of metastable phases,

which can not be stabilized by the ceramic route. In addition, the pure ferromag-

netic phases are not formed with the solid-state method of synthesis due to the extra

stability of the metastable phases. Therefore, the RE2MnMO6 (M = Co, Ni) com-

positions were synthesized by the low-temperature method, as followed in the case of

the La compounds. The extremely fine powder samples obtained after the combus-

tion process were heated in air at different temperatures. All Co containing samples

are annealed between 700 ◦C and 1350 ◦C, since the high-Tc and low-Tc phases of

La2MnCoO6 are formed at these temperatures, respectively. Similarly, all the Ni con-

taining compositions were heated at 1350 ◦C to trace any high-Tc phase formation.

The samples are assumed to be stoichiometric in oxygen because of the lesser ten-

dency found in the heavier rare-earth containing manganates to have excess Mn+4

[Gun96]. This is supported by the observation of negligibly small δ values (nearly

+0.02) in the Pr, Nd and Sm containing RE2MnCoO6±δ, after annealing at 1350 ◦C.

Those samples annealed at 700 ◦C showed slightly higher δ values (≈ +0.07), which

can be due to the error in the calculation, because of carbon contamination.
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Figure 6.1: Powder XRD patterns of low-temperature synthesized RE2MnCoO6, in-
cluding that of La2MnCoO6, annealed at 200 ◦C.

6.3 Powder XRD studies

The crystal structure of REMnO3 is O′-orthorhombic (c/a <
√

2) [Goo70]. The O′-

orthorhombic structure results from static cooperative Jahn-Teller distortion of Mn

ion, superimposed on the O-orthorhombic structure. But when 50% of Mn is replaced

by Co, this cooperative structural distortion vanishes. Therefore an O′-orthorhombic

structure is not expected in these compounds, instead an O-orthorhombic structure

is probable. Since pure ferromagnetic phases are obtained in the case of La2MnCoO6

after annealing at three different temperatures, viz. 200, 700 and 1300 ◦C, the rare-

earth counter parts are also investigated by powder XRD studies, after annealing

at the above three temperatures. Figure 6.1 and Figure 6.2 show the powder XRD

patterns of RE2MnCoO6 and RE2MnNiO6, respectively, annealed at 200 ◦C. The

profiles are comparatively broad due to the smaller particle sizes (∼30 nm) of the
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Figure 6.2: XRD patterns of low-temperature synthesized RE2MnNiO6,including that
of La2MnNiO6, annealed at 200 ◦C.

samples, when synthesized by the low-temperature method. The interesting obser-

vation is that except for the La and Pr compounds, all the Ni and Co samples show

the presence of respective rare-earth oxides, in addition to the perovskite phase. The

amount of the perovskite phase decreases with the decreasing ionic-size and for the

extreme members, only the corresponding rare-earth oxides are formed initially. How-

ever, after annealing at 700 ◦C, pure perovskite phases are formed for compounds of

Pr, Nd, Sm, and Eu and the compounds of Gd and beyond were annealed up to

1000 ◦C to obtain single phases. Even after annealing at this temperature, the Yb

compound showed the presence of minor amounts of Yb2O3. The XRD patterns of

RE2MnCoO6 annealed in the temperature range 700-1000 ◦C are shown in Figure 6.3.

Here, all the patterns indicate orthorhombic perovskite phase formation, even though

the reflections are slightly broader.

Figure 6.4 and 6.5 show the XRD patterns of the Co and Ni samples annealed
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Figure 6.3: Powder XRD patterns of low-temperature synthesized RE2MnCoO6, in-
cluding that of La2MnNiO6, annealed at 700–1000 ◦C. * - Yb2O3.

at 1300-1350 ◦C. Some additional weak reflections due to the corresponding rare-

earth oxides are seen in the patterns of RE = Tb and beyond, as indicated in the

figures. All the XRD patterns could be indexed into an orthorhombic Pbnm space

group. The most intense peak around the 2θ region of 32 ◦ and the ‘satellite’ peaks

on its both sides illustrate the degree of orthorhombic distortion. As the ionic-size

of RE decreases, more and more ‘satellite’ peaks are evolved and their separation

from the main peak also increases. The degree of orthorhombic distortion increases

as in the case of the corresponding unsubstituted manganites [Alo00]. This can be

taken as the direct evidence for the reduction in crystal symmetry, produced by the
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Figure 6.4: Powder XRD patterns of low-temperature synthesized RE2MnCoO6, in-
cluding that of La2MnCoO6, annealed at 1300-1350 ◦C. * - Er2O3 and Yb2O3.

increasing distortion. For a given RE, the RE2MnCoO6 samples annealed at 700 and

1300 ◦C have almost similar XRD profiles, excluding the possibility of a structural

phase transition when heated in the temperature range of 700-1300 ◦C. However, the

heavier rare-earth compositions showed the formation of minor amounts of hexagonal

perovskite phases in addition to the normal perovskite phase. Similar observation

is reported in the case of REMnO3 compounds [Alo00], where, due to the extreme

orthorhombic distortion in the heavier members, the perovskite structure gradually

collapses to form a hexagonal phase with the space group P63cm. Here, the hexagonal

phases appears for RE heavier than Dy, in the Co compounds, and those heavier than
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Figure 6.5: XRD patterns of low-temperature synthesized RE2MnNiO6, including
that of La2MnNiO6, annealed at 1300-1350 ◦C. * - rare-earth oxides.

Gd, in the case of the Ni compounds. That is, for the Ni compounds, the perovskite

phases are less tolerable to the structural distortion.

Figure 6.6 and Figure 6.7 show the variation of the orthorhombic (Pbnm) lattice

parameters (for the samples annealed 1300-1350 ◦C) of RE2MnCoO6 and RE2MnNiO6,

respectively, as a function of the ionic-size (for nine coordination) of trivalent rare-

earth ion, including that of La+3. Both the systems show similar changes in the cell

parameters with ionic-size of RE. Here, the b value increases and the a and c values

decrease as the size of the rare-earth ion decreases. This type of variation is char-

acteristic of increasing orthorhombic distortion, with increasing ionic-size mismatch,
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Figure 6.6: Variation of lattice parameters, as a function of the nine-coordinated ionic
radii of RE in RE2MnCoO6, annealed at 1300-1350 ◦C.
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Figure 6.7: Variation of lattice parameters, as a function of the nine-coordinated ionic
radii of RE in RE2MnNiO6, annealed at 1300-1350 ◦C.
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as observed previously in gallium [Goo61, Top97b, Zho01, Heb02a] and chromium

[Dei02] substituted LaMnO3, and REMnO3 [Alo00]. The origin of this behaviour

is the increased tilting of BO6 octahedra [Goo02]. According to the Glazer’s clas-

sification of octahedral tilting in perovskites, such a variation in lattice parameters

of Pbnm symmetry originates from a tilting of the type, a−a−c+ [Gla72]. This is

a three-tilt system, where the total tilt is the combination of three component tilts

along the three crystallographic axes. In a−a−c+, the tilt along the two axes (x and

y) are equal, but different from the third one (z). Also, the tilt is in the opposite

directions in the adjacent planes along x and y, whereas the tilt is in the same direc-

tion along z direction. For both the Co and Ni compounds of RE2MnMO6 annealed

at 1300-1350 ◦C, c/
√

2 > a, indicating an O-orthorhombic structure (c/a >
√

2).

6.4 Magnetic measurements

Studies on the low-temperature synthesized La2MnCoO6 and La2MnNiO6 revealed

the formation of a ferromagnetic phase for samples annealed at 200 ◦C. The high-Tc

phase of La2MnCoO6 was obtained after annealed at 700 ◦C and a low-Tc phase after

annealed at 1300 ◦C, as evidenced from the sharp magnetic transitions. Samples

annealed at temperatures other than these two temperatures showed either broad

magnetic transitions or more than one magnetic transition indicating the mixed phase

behaviour. On the other hand, in the case of La2MnCoO6, only one phase is obtained

with a sharp magnetic transition after annealing at 1300 ◦C. Samples annealed in

the temperature range 400–1300 ◦C showed mixed phase behaviour. Based on these

observations, the magnetic measurements on the rare-earth compositions are also

performed on samples annealed at different temperatures. Annealing at 1300-1350

◦C were performed several times till the magnetic transitions become sharp and free

of any other minor transitions.
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Figure 6.8: ZFC magnetization curves of Pr2MnCoO6, annealed at different temper-
atures.

Powder XRD studies showed that the Pr and Nd compounds form almost pure

perovskite phases after annealing at 200 ◦C. Figure 6.8 and Figure 6.9 show the

ZFC magnetization curves of Pr2MnCoO6 and Nd2MnCoO6, respectively, annealed

at 200, 700 and 1300 ◦C. In the case of both Pr and Nd compositions, broad magnetic

transitions are observed in the samples annealed at 200 ◦C. For the Pr compound,

the magnetic transition is below 100 K whereas for the Nd compound, this transition

is below 80 K. This may be compared with the similar broad magnetic transition

of La2MnCoO6 observed below 150 K. For both compounds, the sample heated at

700 ◦C shows a sharp ferromagnetic transition at a higher temperature, compared to

a sharp magnetic transition observed at a lower temperature after heating at 1350

◦C. The magnetization curves of the Pr2MnCoO6 and Nd2MnCoO6 samples, after

a single heating at 1300 ◦C, show a major ferromagnetic transition at the Tcs of

the samples heated to 1350 ◦C, and a weak magnetic transition at the temperatures
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Figure 6.9: ZFC magnetization curves of Nd2MnCoO6, annealed at different temper-
atures.

corresponding to the Tcs of the 700 ◦C heated samples. This indicates the presence

of a major phase and a minor phase in the samples heated at 1300 ◦C for a short

time. This is similar to that observed in the case of La2MnCoO6, where two different

phases of the compound were obtained after heating at 700 ◦C and 1300 ◦C. This

indicates that, for each composition, two different phases are formed, a high-Tc phase

after heating at 700 ◦C and a low-Tc phase after heating at 1350 ◦C.

Temperature dependence of the ZFC magnetization of the RE2MnCoO6 com-

positions synthesized by the low-temperature method and annealed at 200 ◦C are

shown in Figure 6.10. The ZFC magnetization curves of the La and Nd compounds

containing both Co and Ni are compared in the inset of Figure 6.10. As discussed

in Section 6.3, the Co and Ni compositions show the presence of respective rare-

earth oxides for RE heavier than Nd, for samples annealed at 200 ◦C. In agreement

with that, the magnetic transition observed in the ZFC magnetization curves of the
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Figure 6.10: ZFC magnetization curves of some RE2MnCoO6 compositions, annealed
at 200 ◦C. Inset: comparison of La (labelled LaCo & LaNi) and Nd (labelled NdCo
& NdNi) compounds of RE2MnMO6

RE2MnMO6 compositions gradually shifts to lower temperature and vanishes after

Nd among the lanthanoids. The decreasing magnetic transition temperature with

the decrease in the ionic-size of RE is due to the increased structural distortion. In

the case of La compounds, this transition corresponds to the Mn+4-O-Co+2/Ni+2 su-

perexchange (see Section 3.1 and Chapter 4). For the RE compositions also it is due

to the same type of superexchanges as evidenced from the results of XPS studies on

Nd2MnNiO6, where the spin-states Mn and Ni is tetravalent and divalent respectively

(see Section 4.5.3).

Figures 6.8 and 6.9 show that two different ferromagnetic phases can be obtained

for the rare-earth compositions also, as in the case of the low-temperature synthesized

La2MnCoO6. Therefore, all rare-earth compounds (RE = Pr, Nd, Sm, Eu, Gd, Tb,

Dy, Er and Yb) are investigated for the possible ferromagnetic phases formed at a rela-
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Figure 6.11: ZFC magnetization of the high-Tc phases of RE2MnCoO6, obtained after
annealing at 700 (for La–Eu), 1000 (for Gd–Er), and 1350 ◦C (for Yb).

tively lower annealing temperature of 700 ◦C and for the second phase after annealing

at 1350 ◦C. Figure 6.11 illustrates the magnetization curves of the pure ferromagnetic

phases, obtained after annealing at 700 ◦C, having a higher curie temperature. These

phases are called the high-Tc phases and the temperature of formation of this phase is

higher for the latter members of rare-earth series. From La to Eu, the high-Tc phase

is formed after annealing at 700 ◦C, whereas for Gd and heavier RE, the annealing

temperature required to get this phase, as evidenced by sharp magnetic transitions, is

1000 ◦C . The Curie temperature of the Er compound annealed at 1000 ◦C was found

to be unaffected after annealing at higher temperatures. Similarly, the Yb compound

give a sharp magnetic transition only after annealing at 1350 ◦C. Therefore it can be

assumed that for Er and Yb there is only one ferromagnetic phase.

Similar to the case of La2MnCoO6, a low-Tc is phase formed from the high-Tc

phase after annealing the RE compositions at 1350 ◦C. Similar behaviour is obtained
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for all the RE2MnCoO6 compositions, except for the extreme end members Er and

Yb which form only one phase. In Figure 6.12, the ZFC magnetization curves of the

low-Tc phases of all compositions, including that of La, are compared with that of

the corresponding high-Tc phases. Sharp magnetic transitions are observed for both

phases of the compounds and the Curie temperatures of the two phases decrease from

RE = Pr to Yb.

The variation of the Tcs of both phases of RE2MnCoO6 with the ionic-radius

of rare-earth ion and the difference between the Tcs (∆Tc) of the two phases, for a

given RE+3 (the ionic radius is taken for nine-fold coordination [Sha76]) are shown

in Figure 6.13. For both the phases, Tc decreases with decreasing ionic radius, but a

faster decrease of Tc for the high-Tc phase is observed, so that ∆Tc is small at lower

ionic radii. For both the phases, Tc decreases linearly with decreasing ionic radius,

up to Gd. A deviation from linearity is observed for both the phases from Tb to Yb.

As shown in Figure 6.14, the ionic-size of trivalent rare-earth ions decreases linearly

with number of f -electrons, from Pr to Yb, except for La+3. The less distorted

orthorhombic structures observed for the La compounds may be due to the relatively

larger size of La+3 ion. In fact, in the case of REMnO3, the average Mn-O-Mn angle

is affected by the strain associated with the octahedral tilting and the Jahn-Teller

distortion of MnO6 octahedra in REMnO3. Alonso et al. [Alo00] have calculated

the average Mn-O-Mn angle distortion of the MnO6 octahedra in REMnO3 from the

<Mn-O-Mn> bond angle < θ > as < ω > = 180 - < θ >. Mn-O-Mn angle [Alo00]

decreases linearly with the radius of the rare-earth ion (except for LaMnO3, having

larger size for La+3), as shown in the inset of Figure 6.14, and the same trend is

expected in the case of RE2MnCoO6 series also. It may be seen that < θ > decreases

almost linearly (excluding La+3), with decreasing rRE, indicating that there are no

structure-related anomalies for Tb and Dy manganates due to the smaller sizes of

these two rare earth ions. Therefore, a linear decrease in the Tc with ionic size of
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Figure 6.12: Comparison of the ZFC magnetization curves of the high-Tc (thin lines)
and low-Tc (thick lines) phases of RE2MnCoO6, H = 50 Oe and La2MnCoO6.
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Figure 6.13: Variation of Tcs of the two phases of RE2MnCoO6 as a function of ionic
radius of RE+3, along with the difference in the Tcs (∆Tc).

RE+3 is expected, based on the linear change in the Mn-O-Mn angle. However, the

deviation from linearity, in the variation of Tc with decreasing ionic size, after Gd, and

the much faster drop in Tc for the heavier rare-earth compounds, are not expected

since the rare earth ionic size decreases almost linearly from Pr to Yb. Therefore, the

unexpected lower values of the Curie temperatures of the compositions having RE

smaller than that of Gd may be linked to some factors other than those related to the

internal pressure effect. The fact that a larger decrease in Tc is observed for the low-

Tc phases of the Tb and Dy compounds implies that the change in Tc may be linked

to the contribution from B-site ions, Mn+4 and Co+2, along with the contribution

from RE+3. The lesser structural distortion and relatively larger Mn-O-Mn angle for

the La compound is responsible for the comparatively larger Tcs of its two phases.

The decrease in Tc with the ionic-size of RE is in good agreement with the fact that

the size of the A-site ion in the perovskite ABO3 affects the strength of the 180◦



Studies on RE2MnMO6 213

0 2 4 6 8 10 12 14

1.04

1.08

1.12

1.16

1.20

1.08 1.12 1.16 1.20

145

150

155

Yb

Er

Dy
Tb

Gd
Eu

Sm

Nd

Pr

La
Io

ni
c 

ra
di

us
 (Å

)

No. of f-electrons in RE+3

DyTb

Nd
Pr

La

 M
n-

O
-M

n 
(o )

Ionic radius (Å)

Figure 6.14: Variation of the ionic radius of RE+3, for nine-fold coordination [Sha76],
with number of f -electrons. The inset shows the variation of the average Mn-O-Mn
angle in REMnO3 [Alo00] with the ionic radius of RE+3.

B-O-B ferromagnetic superexchange interactions. For a given crystal structure and

B-site ion, the strength of this superexchange interaction is determined by the extent

of overlap between the oxygen and B-site ion orbitals.

Since the magnetic transition temperature is determined by the variation of the

Mn-O-Mn angle, the structure-magnetic property correlation can be better under-

stood in terms of the tolerance factor which is a direct measure of the structural dis-

tortion. Figure 6.15 shows the Curie temperatures of the two phases of RE2MnCoO6

as a function of the tolerance factor, t. Tolerance factor is calculated using the nine-

fold coordination radii of the rare earth ions, six-fold coordination radii of Mn+3 and

low-spin Co+3 for the high-Tc phases and Mn+4 and Co+2 for the low-Tc phases.

The spin-states are assumed based on the XPS studies on La and Nd compositions.

Therefore, the tolerance factor is different for the two phases of the same compound
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Figure 6.15: Variation of Tcs of the two phases of RE2MnCoO6 with tolerance factor,
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due to the difference in the average ionic radius of the B-site ions. For both the high-

and low-Tc phases of RE2MnCoO6, the Curie temperature decreases with decreasing

tolerance factor. Tc decreases much faster for the high-Tc phase compared to that of

the low-Tc phase, similar to the dependence on radius of RE+3. The rate of decrease

of Tc of the two phases of RE2MnCoO6 with decreasing t or rRE is much slower

than that observed [Dam97, Zho99] for the RE-site substituted manganates. Tc of

the RE-site substituted compositions, RE0.5A0.5MnO3, decreases very fast and drops

below 100 K for t ≈ 0.93 [Dam97] which is the upper limit of the tolerance factor for

RE2MnCoO6 phases for which Tc as high as 230 K is observed. This difference in the

variation of Tc may be attributed to the larger effect of the variation of the B-O-B

angle on Mn+3-O-Mn+4 double exchange interactions in the RE-site substituted man-

ganates compared to the effect on Mn+3-O-Mn+3 and Mn+4-O-Co+2 superexchange

interactions in RE2MnCoO6. The decrease in Tc with decreasing tolerance factor is
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in good agreement with the theoretical predictions based on structural distortions.

Similar to that observed for the the high-Tc phase of La2MnNiO6, sharp ferromag-

netic transitions are observed for other rare-earth containing RE2MnNiO6 composi-

tions annealed at 1350 ◦C. The ZFC magnetization curves of the high-Tc phases of

RE2MnCoO6 (containing Mn+3 and Co+3) and RE2MnNiO6 (RE = Pr, Nd, Sm, Eu,

Gd, Tb, Dy, Er and Yb), are compared in Figure 6.16. All the magnetization curves

show sharp magnetic transitions, indicating the formation of single phase composi-

tions. The transition temperatures of the Ni compounds are larger than those of the

corresponding Co compounds and there is a gradual decrease in the Tcs of both Co

and Ni compounds as the rare-earth ion is changed from Pr to Dy. Finally, identical

Tcs are observed when RE = Er and the magnetic transition temperature of the Co

compound becomes larger than that of the corresponding Ni compound for RE = Yb.

Also, there is a significant difference in the shapes of the curves below Tc for the Co

and Ni compounds, probably due to the contribution from high anisotropy from Co

[Kum98a, Joy00]. Similarly, the contribution from the magnetocrystalline anisotropy

of the rare earth ions is visible in the magnetization curves of RE2MnNiO6, the broad

maximum observed for the La compound becomes sharper with the change in RE,

as observed in the case of RE0.7Ca0.3MnO3 [Kum98b].

The changes in the ferromagnetic transition temperatures of RE2MnCoO6 and

RE2MnNiO6, as a function of the ionic-size of RE, are shown in Figure 6.17. Tcs

decrease almost linearly up to RE = Gd, except for relatively larger Tcs for the La

compounds. There is a sudden change in the rate of decrease of Tc with decreasing

ionic-size of RE, after Gd, and again a much faster linear decrease is observed for the

heavier rare-earth compounds. Another important observation is that the Tc of the

Ni compounds falls relatively faster than that of the corresponding Co compounds,

with decrease in the ionic radius of RE.

The higher Tcs for RE2MnNiO6 are possibly due to the additional Mn+3-O-Ni+3
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superexchange interactions apart from Mn+3-O-Mn+3 interactions present in the cor-

responding high-Tc phase of the Co containing compositions, through the single eg

electron in low-spin Ni+3, as observed for La2MnNiO6. Similarly, the comparatively

larger Tcs for the La compositions can be understood in terms of the relatively larger

size of La+3. The difference between the Tcs of RE2MnCoO6 and RE2MnNiO6,

for a given RE, decreases with the size of RE+3 and becomes almost constant for

smaller RE ions, indicating that RE ionic size effect overrules the contribution from

additional strength of ferromagnetic exchange interactions due to Ni+3 ion for the

Ni compounds. More over, the higher Tc of the Co compound when compared to

that of the Ni compound, for RE = Yb, indicates that the Mn-O-Ni superexchange

interactions are greatly affected by the smaller size of RE.

Figure 6.18 shows the variation of the Tc of the high-Tc phases of the Co and Ni

compounds with tolerance factor. The tolerance factors are slightly different for the
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Co and Ni compounds due to the slight difference in the six-fold coordination ionic

radii of Co+3 and Ni+3. The Tcs decrease with decreasing tolerance factor and this

is in good agreement with the theoretical predictions based on structural distortions.

Tc of RE2MnMO6 decrease linearly with t from Pr to Gd and larger rate of decrease

is observed for RE beyond Gd, indicating another contribution to the strength of the

magnetic exchange interactions.

There is a large slope change in the variation of the Tcs of both the low-Tc and

high-Tc phases of RE2MnCoO6 as well as for the high-Tc phase of RE2MnNiO6,

beyond Gd. Since the variation of the ionic radius of the rare-earth ion is almost

linear, there seems to be another contribution from the rare-earth ion which affects

the Tc in the case of the heavier rare-earth compositions. There are two possible

contributions from the rare earth ions, apart from structural distortions due to the

smaller size of RE+3, which are expected to influence the strength of the magnetic
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Figure 6.19: Variation of the one-electron spin-orbit coupling coefficient [The76], ζ,
with the ionic radius of RE+3.

exchange interactions and therefore, the ordering temperature of RE2MnCoO6. These

are the high magnetocrystalline anisotropy of the rare-earth ions and the larger values

of the magnetic moments of the heavier RE ions. Though no ordering of the rare

earth spins is observed in REMnO3 down to lowest temperatures [Coe99], the large

magnetocrystalline anisotropy of RE+3 may influence the ferromagnetic ordering of

Mn and Co spins. The effect of the magnetocrystalline anisotropy on the ordering

temperature is expected to be identical for both Co and Ni containing compositions as

well as for different phases as the rare-earth ions are located in identical environments

in the structure of both the phases. This is what is observed in all cases.

It has been shown that the increasing magnetocrystalline anisotropy of the heavier

rare-earth ions do not contribute any associated magnetic interactions with the Mn

lattice, as evidenced from neutron diffraction studies on TbMnO3 [Bla00]. However,

Cheng etal have reported unusually large shift in the magneto-optical Kerr rotation
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in thin films of CoFe2O4 doped with Tb and Dy [Che99]. Similarly, Kahn and Zhang

found unusually large blocking temperatures and coercivities for CoFe2O4 spinel fer-

rite nanoparticles doped with Gd+3 and Dy+3 ions when compared to the effect of

other lanthanide ions [Kah01]. The authors concluded that the single ion anisotropy

of the lanthanide ions may be the controlling factor, but found that the effect of the

lanthanide ion is very complex on the modulation of the magnetic properties of the

system.

The variation of the one-electron spin-orbit coupling constant, which leads to

single ion anisotropy, of the lanthanide ions, as a function of the ionic radius, is shown

in Figure 6.19. The spin-orbit coupling constant increases almost linearly from Pr

to Gd and then increases much faster, linearly, beyond Tb, showing a slope change

between Gd and Dy. The change in the slope of the variation of Tc with ionic-size is

exactly in accordance with the variation of the spin-orbit coupling constant, indicating

that single-ion anisotropy of the heavier rare-earth ions may be responsible for the

anomaly (relatively lower Tcs for the heavier rare-earth ions after Gd) observed.

The present studies demonstrate that single-ion anisotropy of the heavier rare-

earth ions marginally affects the magnetic exchange interactions in the ferromagnetic

compositions in RE2MnCoO6 and RE2MnNiO6, apart from the contributions from

structural distortions associated with the decreasing ionic size of the rare-earth ions.

6.5 Conclusions

Two distinct ferromagnetic phases of RE2MnCoO6 (RE = Pr, Nd, Sm, Eu, Gd, Tb,

Dy, Er and Yb) have been synthesized in single-phase forms by a low-temperature

method. A phase with a higher Curie temperature is obtained for samples heated in

the range 700-1000 ◦C and another phase with a lower Curie temperature is obtained

after heating the samples at 1350 ◦C. The high-Tc phases of Co compounds are slowly
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converted to the low-Tc phase when heated above 1000 ◦C, so that mixed phase

behaviour is observed in magnetic measurements for samples heated in the range

1000-1300 ◦C. Similarly the high-Tc phases of RE2MnNiO6 are also synthesized, but

they are formed after annealing at 1350 ◦C.

The effect of RE+3 on the magnetic transition temperatures of two different phases

of RE2MnCoO6, containing Mn+3 and low-spin Co+3 in one phase (high-Tc) and

Mn+4 and Co+2 in the second phase (high-Tc) has been studied. The decreasing Tc

of both phases with decreasing ionic size of RE+3, rRE, or decreasing tolerance factor,

t, is similar to that found for the RE-site substituted CMR manganates. However,

in the case of RE2MnCoO6, Tc decreases much slowly with decreasing rRE and t,

compared to the RE-site substituted manganates. This indicates that superexchange

ferromagnetic interactions in RE2MnCoO6 are less susceptible to the decreasing B-

O-B angle when compared to the double exchange ferromagnetic interactions in the

RE-site substituted manganates. The results indicate that the magnetic transition

temperature of the two different phases of RE2MnCoO6 is mainly affected by the

decreasing ionic radius of RE+3, caused by the ’internal pressure effect’ due to the

smaller size of the rare earth ions. This internal pressure effect is more pronounced

in the case of the high-Tc phases containing Mn+3 and Co+3, due to the combined

effect of Jahn-Teller distortion and tilting of Mn+3O6 octahedra.

Between the Mn+4-O-Co+2 and Mn+3-O-Mn+3 exchanges present in low-Tc and

high-Tc phases, respectively, the latter is more sensitive to the structural distortion.

For a particular RE with larger ionic size, the Tc of RE2MnNiO6 is larger than

that of RE2MnCoO6 and vice versa for smaller ionic size, though the ionic sizes of

trivalent low-spin Co and Ni ions are comparable. Tcs of both Co and Ni containing

compositions decrease with the decrease in the ionic size of RE+3, showing a faster

decrease for heavier rare-earth ions beyond Gd. Though the decreasing size of the

rare-earth ion is responsible for the decrease in the magnetic transition temperature,
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due to structural distortions, an anomalous change in rate of decrease of Tc, beyond

Gd, is due to contributions from the single-ion anisotropy of the heavier rare-earth

ions. The rapid decrease of Tcs of the Ni compounds indicates that the Mn+3-O-Ni+3

exchange present in the Ni compositions are more affected by structural distortion

than the Mn+3-O-Mn+3 or Mn+3-O-Co+3 exchanges present in the Co containing

compositions.
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M. R., Phys. Rev. B 62, 5609 [2000].
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