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PREFACE

This thesis presents the results of investigations of rare earth manganates and
cobaltates. The thesis is organized into four chapters. Chapter 1 gives a brief overview
of colossal magnetoresistance, charge ordering and related properties of rare earth
manganates of the formula Ln;AMnQO;s (Ln = rare earth, A = alkaline earth). The
scope of the investigations carried out is described in Chapter 2. Preparation and
characterization of the materials form Chapter 3.

The results of the investigations of the manganates and cobaltates are discussed
at length under six subsections in Chapter 4. Charge ordering and related properties of
the rare earth manganates form the major part of these investigations. Electrical and
magnetic measurements have been employed to study the phenomena after suitably
characterizing the materials by X-ray diffraction. The various aspects studied involve
effects of cation disorder, B-site (Mn-site) doping by other cations and the effect of
magnetic fields. Mdssbauer spectroscopy has also been used to examine charge
ordering and phase separation in the rare earth manganates. The re-entrant
ferromagnetic transition in rare earth manganates with relatively small size A-site
cations wherein ferromagnetism occurs on cooling the charge-ordered state has been
investigated in detail. Charge ordering and related aspects have been investigated in
electron-doped compositions of the rare earth manganates as well. The effects of cation
size and disorder on the properties of rare earth cobaltates of the formula Lng sAg sCoOs

(Ln = rare earth, A = Sr, Ba) have been examined.
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Summary

SUMMARY OF RESULTS*
The important results obtained from the various investigations of rare earth manganates
and cobaltates of the type LingsAosMn(Co)O; (Ln = rare earth, A = alkaline earth)
presented in this thesis are briefly summarized below,

The effect of cation size disorder on charge ordering in the rare earth
manganates of the type LngsAgsMnO; {Ln = rare earth, A = alkaline earth) has been
investigated for two series of compositions with fixed average A-site radii, (rs) of 1.24
A and 1.17 A and variable A-site size-variance, ¢°. The size variance, o’ is defined as
o =Y xxi - {ra) 2, where x; is the fractional occupancy of A site ions and r; is the
corresponding ionic radii. The compositions with (ry) = 1.24 A are akin to
Ndy sSro.sMnQO; exhibiting distinct ferromagnetic and charge-ordering transitions both
in the magnetization and resistivity data whereas the compositions with (r,) = 1.17 A,
akin to Ndp sCagsMnQOs, undergo a charge ordering transition around 240 K (Tco) and
remain insulating down to low temperatures, The temperature variation of electrical
transport and magnetization yields the ferromagnetic transition temperature, Tc and the
charge ordering temperature, Tco, in these compounds. The charge-ordering transition
in the rare-earth manganates, LngsAosMnQO;, is not very sensitive to the mismatch
between the sizes of the A-site cations or to the orthorhombic lattice distortion arising

from the small cation size. The decrease in the charge-ordering transition temperature

* Papers based on these studies have appeared in Phys. Rev. B (1999), J. Solid State Chem. (1998), Solid

State Commun. (1999, 2002), C.R. Acad. Sci. Paris (1999), J. Phys: Condens. Matter (1999, 2001},

Chem, Mater. (2000, 2001).



Summary

at high (ra) is consistent with the observed quadratic dependence upon (%A - (ra)),
where 1%, =1.13 A,

The effect of substitution of the Mn-site of rare earth manganates of the type
Loy sAg sMnO; with various non-transition (Al, Ga and Ge) and transition metal (Ti, Cr,
Fe, Co, Ni, Zr and Ru} ions in small concentrations (less than 10%) has been
investigated in detail. The Mn-site doping was carried out for half-doped manganates
with different average A-site radii, (ra), namely YosCaosMnO; ((ra) = 1.127 A),
NdosCapsMnOs ({ra) = 1.17 A) and Ndg sSrosMnO; ({ra) = 1.24 A). The aim of the
study was to explore the possibility of chemical melting of the charge-ordered states in
materials with different (rs) values and the different behaviour of the charge ordered
states with respect to chemical melting. The charge-ordered state in the manganate
Yo.5CapsMnO; with a very small {ra) is very robust and there is. no effect of impunity
doping at the B-site on the magnetic and electrical transport properties. Substitution of
Al, Ga, Ge or Fe does not significantly affect the properties of NdysCaesMnQOs.
Substitution of Cr, Co, Ni and Ru at the B-site induces ferromagnetism in
Ndg sCag sMnQs, the best effects being observed with Ru substitution, However, low
concentrations of these metal ions do not destroy the charge ordering completely. The
ferromagnetic transition in these substituted compositions appears to be re-entrant in
nature. The ferromagnetic transition temperature, T¢, increases with the increase in Ru
substitution unlike in the case of Cr, Co or Ni. The properties of NdgsSrosMnO; are
affected to a grcater extent by substitution at the B-site by the different ions.
Substitution of Cr, Co, Ni and Ru makes Ndg 5SrosMnQs ferromagnetic and metallic.

Ru substitution gives the best results increasing the ferromagnetic Tc to room

2
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temperature. It appears that the marked effect of Ru doping is due to its unique
electronic configuration that facilitates electron hopping. The presence of empty ¢,
orbitals in the substitutent transition metal ion may be necessary for destroying the
charge ordered state in these rare earth manganates.

The rare earth manganates with (ra) in the range of 1.17-1.20 A show
interesting magnetic and electrical properties arising from the competition between
ferromagnetism and charge ordering. Thus, Nd, 35Lag 25CagsMnO; with a (ra) of 1.185
A shows an incipient charge-ordered state below ~ 200 K and undergoes a transition to
a charge delocalized ferromagnetic state on cooling. The latter transition has been
considered to be a re-entrant transition since the charge ordered insulating state reverts
back to a ferromagnetic state which is opposite to what is normally observed in half-
doped manganates with higher (ra). We have grown single crystals of the type Ndy:s.
xLaxCapsMnO; by the floating zone technique to verify if the re-entrant ferromagnetic
state is exhibited in the single crystals of manganates. To understand the role of (rs) on
the ferromagnetism and charge-ordering properties of the manganates in this (rs)
regime, compositions of the type Ndgs,La,CagsMnO, and Prys.x<La,CapsMnQs, with
(ra) values in the range 1.172-1.198A were prepared and characterized using
magnetization and resistivity measurements. A series of manganates with a fixed (rs)
value of 1.185A corresponding to Nds 3sLag 25Cao sMnQs was investigated to understand
the effect of size disorder, o*. The ferromagnetic Curie temperature, T¢, of the re-
entrant transition increases markedly with x or {rx) in the two series of manganates in
the (r) regime of 1.17-1.20 A. The plots of Tco and Tc against (r) intersect at a value

of 1.195 A, indicating a change in the relative stabilities of the ground states. Below a
3
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(ra) of 1.195 A, Tco > Te and it is likely that the charge ordered and ferromagnetic
metallic states coexist in the temperature range between T¢p and T, with the width of
the coexistence regime (Tco-Tc) decreasing with increase in (ra). Site disorder arising
from size mismatch has a profound effect on the T¢ corresponding to the re-entrant
transition in this {r4) regime of the manganates although the T¢o is affected to a much
smaller extent. Unlike with (ra), the coexistence regime (Tco-T¢) increases with
increase in o7,

'Fe Mossbauer spectroscopy has been used as a microscopic probe to
investigate the charge ordering phenomena and phase separation in rare earth
manganates. To carry out Mdssbauer spectroscopic studies of rare earth manganates,
two typical charge ordered systems, NdgsSrosMnQO; and NdosCap sMnO; were doped
with 2 % >'Fe. After ensuring that the small doping does not change the structure or the
nature of the transitions, > Fe Mdssbauer spectroscopic studies were carried out at
different temperatures in the 300 to 4.2 K range. The isomer shift values is
characteristic of Fe in the 3+ state in both the manganates. The evolution of the
Mossbauer spectra as a function of temperature shows that long-range magnetic order
does not emerge in a clean manner in both the manganates studied. The well resolved
magnetic hyperfine Méssbauer spectra at 4.2 K of both Ndp sCag sMng 05> Feg.0203 and
Ndg sSro.sMny os” Feg020; indicate the presence of more than one magnetic phase. A
weak paramagnetic component is also evident in the spectra at 42 K of
Ndg sCag sMng 06  Fe0205 and Ny sStosMnggs’ Feg203. Mbssbauer spectroscopy of
these two manganates confirms that these materials undergo phase separation at low

temperatures.
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The effect of {rs), A-site cation size mismatch, o as well as of Mn-site doping on
charge-ordering in the electron-doped systems, Ca,..LnMnQO; {(Ln = rare earth) were
investigated to examine the similarities, if any, with the hole-doped manganates. For
this purpose, compositions of the type, Ca«Ln,MnO; (Ln = La, Pr, Nd, Gd or Y), in
particular the compositions corresponding to x = 0.36 where charge-ordering should be
favored were investigated. The effect of substitution of Cr, Ga and Ge at the Mn site in
few of these electron-doped manganates was also studied. To study the effect of size
disorder, measurements on two series of electron-doped manganates, Cag ¢4Lng 35MnO;,
with fixed (ra) values of 1.174 and 1.18 A were carried out. The investigations
demonstrate that charge ordering in electron doped manganate is distinctly different
from that in the analogous hole-doped manganates. In a given family of manganates,
the charge-ordering transition temperature, Tco, increases with the electron
concentration and the magnitude of the ferromagnetic interaction, rather than with
decrease in (ra). The Tco decreases with decrease in {(ra), unlike in the case for the
Lng sAg sMnO; manganates, where it increases, Also, the To value is higher for the
electron-doped manganates, Ca;(Ln,MnQ; with x = 0.36 when compared to the half-
doped manganates. Substitution of the B-site in electron-doped manganates (x = 0.36)
by a transition metal ion such as Cr does not affect the charge-ordering and the charge-
ordered state in these manganates is more robust than those of the half-doped
manganates.

The rare earth cobaltates, Lng sAg sCoO; (Ln = rare earth, A = Sr, Ba) have been
investigated to understand the evolution of electrical and magnetic properties as a
function of {rs) as well as A-site cation disorder. To study the structure-property

5
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relations in these cobaltates, the structures of several members with A = Sr and Ba,
were investigated based on Rietveld analysis of powder X-ray diffraction patterns. Two
series of rhombohedral cobaltates of the general formula Lngs..Ln' A9 s,A'yCoO; with
constant {r,) values of ~ 1.357A and 1.369A were prepared in order to study the effect
of the A-site cation size mismatch on the properties. The structure of Lng sSrg sCoQ4 is
rhombohedral (R3c) when Ln = La, Pr or Nd, but orthorhombic (Pnma) when Ln = Gd.
The LngsBapsCo0Os compounds are all orthorhombic (Pmmm). The ferromagnetic
Curie temperature, Tc, of LngsAgsCoO; increases with the average size of the A-site
cation upto a (ry) of 1.40A, and decreases thereafter due to size mismatch. It is found
that T¢ decreases linearly with o, according to the relation, Tc = T%c~ pcz. When o” is
farge (> 0.012A%), the material becomes insulating, providing evidence for a metal-
insulator transition caused by cation size-disorder. Thus, Gdy sBag sCoQ; with a large
o’ is a charge-ordered insulator below 340 K. The study demonstrates that the average
A-cation radius, as well as the cation size-disorder affect the magnetic and transport

properties of the rare earth cobaltates significantly.



Chapter 1

1. COLOSSAL MAGNETORESISTANCE, CHARGE ORDERING AND
RELATED PROPERTIES OF RARE EARTH MANGANATES: A BRIEF

OVERVIEW

1.1 Introduction

Ever since the discovery of superconductivity in copper-based oxides some fifteen
years ago, transition metal oxides have become a subject of intense research for the
physics, chemistry and materials communities. Transition metal oxides show diverse
properties such as ferroelectricity (as in BaTiO:), ferromagnetism (as in SrRuOs),
superconductivity (as in cuprates), metallicity (as in LaNiO;) and antiferromagnetism (as
in LaCrO;). Most of the above mentioned oxides possess the perovskite structure [1]. In
1993, the phenomenon of colossal magnetoresistance (CMR) was discovered in a class of
manganese oxides with the general formula Ln, A, MnQO; where Ln is a rare earth ion and
A 1s an alkaline earth ion. Magnetoresistance (MR) is the change in electrical resistance of
a material in response to an applied magnetic field. The magnitude of magnetoresistance is
given by

MR = [R(H)-R(0))/ R(0)

where R(H) and R(0) represent the values of the resistance or resistivity in the presence
and absence of a magnetic field respectively. In the rare-earth manganates MR was found
to be extremely large and hence termed as colossal magnetoresistance by Jin et al. [2].
CMR revived interest in the manganese oxides which had previously been studied widely

in the 1950’s [3-5], since it opens up the possibility of producing sensitive devices for a



Chapter 1

range of sensor and storage applications. Apart from CMR, the rare earth manganates
exhibit rich phase diagrams spanning over a wide range of magnetic properties and
phenomena like charge-ordering, phase segregation and phase separation [6]. It is possible
to tune the properties of these perovskite manganese oxides either by external factors or
chemical means. Hence they are preferred materials for tailoring devices to fulfil a wide
range of applications apart from being a subject for basic research. The magnetic,
electronic and crystal lattice properties of these manganates are intimately related. Hence,
it is appropriate to have a brief overview of the structure, properties and mechanisms in

these manganese oxides.

1.2 Crystal structure

The rare earth manganates, Ln;..A:MnQ;, crystallize in the perovskite structure. The
perovskite is a simple cubic structure with space group Pm3m (Fig. 1.1a). The perovskite
of the general formula ABX; are regarded as derived from the ReO; structure (Fig. 1.1b)
with large A cation occupying the body centered 12-coordinate position. The perovskite
structure is most stable when the tolerance factor, t, is unity. The tolerance factor, t as
defined by Goldschmidt is,

t = (ra+rx)/N2(rg+ry)

where 1, rp and rx denote the empirical radii of ions A, B and X respectively.
The perovskite structure occurs only with in the range 0.75 <t < 1.00. Also, the necessity

for the A and B cations to be stable in their respective twelve- and six-fold coordinations



Chapter 1

()

(a)

(c)

Fig. 1.1 (a) Cubic perovskite structure (b) ReOs structure (¢} GdFeO; structure
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sets the lower limits for their radii; these being ra > 0.90 A and rz > 0.51 A. Whent <1,
there is a compression of the Mn-O bonds and this in turn induces tension on the Ln-O
bonds. A cooperative rotation of the MnQg¢ octahedra and a distortion of the cubic
structure counteract these stresses. When 0.75 <t < 0.9, the MnOg octahedra are tilted
cooperatively to give an enlarged orthorhombic Pbnm structure of GdFeO; (Fig. 1.1c). For
0.9 <t < 1.00, buckling of octahedra is not found and small distortions leading to a lower
symmetry structure. Hence, rotation about a [111] axis giving the rhombohedral R3c
structure of LaAlO; or a rotation about a [001] axis giving the tetragonal structure of low
temperature SrTiO; may occur. These rotations bend the Mn-O-Mn bond angle from 180°
to (180°-¢) and ¢ increases as t decreases from unity.

Another type of distortion that can arise in the perovskites is due to the Jahn-Teller (J-
T) effect leads to the distortion of the MnOg octahedron in the manganates giving rise to
long and short Mn-O bonds. The octahedral ligand environment around Mn ion splits the
Mn d levels into a t, triplet and an e; doublet state. The intra-atomic exchange energy
responsible for Hund’s highest multiplicity rle, A, > A;, where A and A, are the intra-
atomic exchange energy and crystal field splitting energy respectively for the Mn®**,
stabilizes an orbitally two fold degenerate t’e', °E; localized-electron configuration in
cubic symmetry. This orbital degeneracy leads to a Jahn-Teller splitting or instability. The
degeneracy is removed by the vibrational modes of E; symmetry or the optical breathing
mode axial displacements of the oxygen atoms on either side of Mn’*. These
displacements lead to the distortion of the MnOg octahedron and hence the lowering of the

site symmetry from cubic to tetragonal or orthorhombic. The splitting of the ¢; level opens

10
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a gap at the Fermi level. In LaMnOs3, the cooperative J-T distortions are static and long-
range below an orthorhombic-rhombohedral transition temperature T, Oxidation of the
MnO; array leading to the reduction in the Mn®* ions leads to a lowering of T, till the
structure remains rhombohedral to the lowest temperature. The rhombohedral symmetry
does not allow a static, long-range-cooperative deformation of the local octahedral sites,
but strong electron coupling to the short-range-cooperative breathing-mode displacements
of oxygen atoms on either side of a Mn atom can be expected to persist so long as the Mn-
e electrons remain localized. These structural distortions play a major role in the electron

transport properties of these rare-earth manganates.

1.3 Electronic and Magnetic Interactions

The rare-earth manganates of the type Ln;.4A,MnQ; have rich phase diagrams. The
doping of a divalent ion at the A-site introduces Mn*" in the otherwise pure Mn®"
stoichiometric parent manganate. The relative concentration of Mn®>* and Mn*" play an
important role in determining the electrical and magnetic properties of these manganates.
The magnetic moments of the Mn ions are coupled by indirect exchange mechanisms in
these perovskite manganates. This coupling in turn depends on the extent of orbital
overlap and hence the position of the Mn ions relative to each other in the crystal structure.
Thereby, the crystal symmetry, electrical transport properties and magnetic properties of
these compounds are interrelated. The indirect exchange interactions between the Mn ions
have been explained based on the superexchange, semicovalent exchange and double

exchange mechanisms.

11
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Superexchange interaction

Superexchange interaction based on the nonionic character of the lattice [7-9]
accounts for the coupling between the electrons of the d-orbitals in transition metal oxides.
According to the superexchange model, electron is excited from the anion to the d-orbital
of the neighboring transition metal cation. The Goodenough-Kanamori rules for predicting
the magnetic nature of the metal oxide involving the superexchange mechanism is
summarized in Table 1.1 [10,11]. Several contributions to the superexchange interactions
of the electron configurations in Table 1.1 have been identified. Among these the major
ones are the delocalization, correlation and polarization superexchange. In superexchange
model, it is assurmned that the exchange energy is smaller than the energy difference
between the lattice-orbital and the d-orbital energy levels. Hence there is no way for atoms
to couple ferromagnetically in one direction and antiferromagnetically in another due to
absence of anisotropy. Also it is not adequate to explain lattice distortions seen in
perovskite oxides.
Semicovalent exchange and Magnetic ordering

Goodenough proposed a theory to show the role of covalence in the perovskite
manganates [5]. His qualitative proposals, called the semicovalent exchange theory
explain the magnetic interaction in the perovskite manganates. According to this model,

Mn** ion hybridizes stable dsp? lattice orbitals which are square planar whereas Mn**

12
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Table 1.1

Rules for 180° suberexchange interactions (from Ref. 5)

CASE["CATIONS | OUTER ELECTRON | MAGNETIC CODPLING |
NO.| 1] 2| CONFIGURATIoNs  |(Bejative siceaath qiven
STRONG

ANTIFERRO -
MAGNETIC

1 Al A

WE AK
ANTIFERRO -
MAGNETIC

MODERATE
FERRO-
MAGNETIC

#AN "A° CATION HAS A HALF-FILLED, A*B* CATION AN
EMPTY,eg ORBITAL DIRECTED TOWARDS THE ANION.

IS AN ANION WITH ITS FILLED poORBITALS
@:@ SPIN POLARIZED, AS INDICATED, BY INTER -
: ACTIONS WITH NEIGHBORING CATION eg
ORBITALS. THE t29 ORBITALS ARE SEEN TO BE

ORTHOGONAL TO THE po ORBITALS,

IS AN "A"CATION WITH OCCUPIED taq(+AND-~)
AND HALF -FILLED eg ORBITALS.

IS A"B"CATION WITH OCCUPIED tag(+ AND -)
AND EMPTY eg ORBITALS.
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Table 1.2

Semicovalent model for the magnetic coupling of manganese ions in the perovskite-type
anganites {La,M (II)]MnO;. N is the number of semicovalent bonds which can be formed by
a manganese ion with its six neighboring ions. Tp and T¢ are the transition temperatures for
ond ordering and magnetic ordering, respectively. In the column for schematic electron-spin
nfigurations the cations, marked 4+ and 3+ have an empty orbital peinting towards the o p

orbitals if they are joined by a dash (from ref. 5}
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-

hybridizes stable d’sp’ orbitals which are octahedral and point toward the neighboring six
O ions. This concept of semicovalent exchange in combination with the concepts of
covalence and superexchange offers a consistent mode! for explaining the complicated
variations with chemical composition of crystal structure and magnetic interactions. Also,
it explains the orbital ordering evident in these materials. There could be three possible
Mn-O bonds in perovskites:
1) A covalent or semicovalent bond if an empty Mn orbital points toward the O ion
which is most stable and shortest.
2) Anionic bond if the empty Mn®* orbitals point away from the O ion and it is the least
stable and the iongest.
3) A metallic-like bond if the O% ion is between a Mn®* and a Mn** ion in a lattice of
disordered Mn®*, Mn** ions.
At some transition temperature these bond types are admixed. A transition from covalent
or ionic bonding to admixed bonding is not necessarily associated with a magnetic
transition but a transition from semicovalent to covalent or from a metallic- like to
admixed bonding is accompanied by a magnetic transition. Hence if two or more bond
types occur in the same crystal, the long-range magnetic transition all occur at about the
same temperature because of the cooperative character of magnetic ordering. According to
this model, there are four possible Mn-O-Mn bonding arrangements, each having a
different Mn-Mn separation and a different indirect coupling of the Mn magnetic moments
in the rare-earth manganates, Ln;«AMnO3. This has been summarized in Table 1.2 [5).
These rules for indirect coupling between the Mn ions by semicovalent exchange predict
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and corroborate the different kinds of magnetic order evident in these rare-earth
manganates.

Wollan and Koehler [4) studied the magnetic and crystallographic lattices in the
series of manganates with the compositions, La;.,Ca,MnQs, as a function of Mn** content.
Goodenough's predictions based on semicovalent exchange and the data obtained from
neutron diffraction study of these manganates are in good agreement and various magnetic
lattices for different kinds of magnetic order came into picture (Fig. 1.2). Even though
both the end members of the series La,.,A,MnO;, namely LaMnQO; (x = 0.0) and CaMnO»
(x = 1), are antiferromagnetic (AFM) insulators the Mn magnetic lattice are different in the
two compounds. The magnetic lattice in the x = 1 composition corresponds to the G-type
(Fig. 1.2a) whereas the x = 0 composition has the A-type magnetic lattice (Fig. 1.2b). The
other types of magnetic lattices, found across the series as x is varied, corresponding to the
antiferromagnetic ordering of Mn moments are the C and CE type. In the C-type the Mn®>*
and Mn"" ions order in alternate (111) planes (Fig. 1.2¢) whereas in the CE type they order
in alternate (110) planes (Fig. 1.2d). The magnetic lattice of type B (Fig. 1.2e) describes
the ferromagnetic (FM) ordering of the Mn ions.

Double Exchange interaction

Zener [12] proposed a mechanism called the ‘double exchange’ (DE) to explain the
simultaneous occurrence of ferromagnetism and metallicity, both as a function of x and
temperature in the above perovskite manganates. According to this mechanism,

conduction electrons in the partially filled ¢; levels of the d-band are strongly coupled with
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the tightly bound d electrons in the t; levels by the on-site Hund’s coupling. Double
exchange comes into picture only where itinerant electrons or holes are present.

In the system Laj., >*A,>*MnOs, the migration of Mn*" ion accomplished by the
Mn*" jon capturing an electron from a neighboring Mn®* ion gives rise to electrical
conductivity. The electron transfer occurs from the Mn™* ion to the central O ion
simultaneously with the transfer of an electron from O to the Mn** ion. This transfer is
termed as ‘double exchange’. The lowest energy of this system corresponds to a paraliel
alignment of the spins of the Mn>* and Mn*", The exchange energy is given by the integral

f9) (H-g0)¥2 dr

where H is the hamiltonian of the whole system € is the energy associated with the initial
states ¥; and ¥, and the integral extends over the coordinates and spins of all electrons.
This electron hopping occurs with conservation of spin direction. Because it transfers to an
unoccupied orbital that is similar to the one it occupies on the neighboring atom, it couples
the moments of neighboring atom parallel to one another and hence coupling them
ferromagnetically. Anderson and Hasegawa [13] showed that the energy of the system is
stabilized by a factor of * t Cos(6/2) when the electron hopping is on, here 0 is the angle
between the directions of the neighboring ionic spins and t is the transfer integral,

De Gennes [14] further modified the double exchange mechanism. As the
temperature is increased, the canting angle 0 is decreased or increased until the system
becomes a ferromagnet or an antiferromagnet at a certain transition temperature, T,
according as the ferromagnetic double exchange interaction overcomes the

antiferromagnetic superexchange interaction or vice-versa. The system behaves as a
18
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simple ferromagnet above a critical concentration. But this argument ignores the effects of
bound states of holes around impurity ions, an effect that cannot be neglected at low

concentrations. The double exchange theory has been studied extensively by several others

[15].

1.4 Colossal Magnetoresistance in Rare Earth Manganates

Although all metals have an inherent but small MR owing to the Lorenz force that a
magnetic field exerts on moving electrons which had been known since 1950. In recent
years there had been a great amount of research interest in understanding this phenomenon
to make application-oriented materials. Metallic alloys containing magnetic atoms also can
have an enhanced MR as the scattering that produces the electrical resistance in these
materials is controlled by a magnetic field. Very large MR, referred to as giant
magnetoresistance (GMR) was first observed in layered Fe/Cr metallic multilayers by
Baibich et al. [16]. Also, GMR has been observed in ferromagnetic granules dispersed in
paramagnetic metal films [17] and suitably doped magnetic semiconductors such as Eu;.
«Gd,Se and Cd, Mn,Se¢ [18].

Large MR was observed and known in 1970’s and 1980°s in bulk and single
crystal forms of doped manganates of the type Ln;.xA\MnO;, where Ln is a rare-earth ion
and A is a divalent metal ion. But the renewed interest in these manganese oxides started
with the report of observance of negative MR in bulk doped manganate, Nd, sPby sMnQ;
by Kusters et al. [19]. This material showed 50% MR near its ferromagnetic transition

temperature (184 K). This report was followed by studies on thin films by von Helmolt et
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Fig. 1.3 Temperature variation of (a) the resistivity and (b) the negative magnetoresistance
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al. (Lag.s7Bag3Mn0Qs) [20], Chahara et al. (Lag75Cag2sMn0;) [21] and Jin et al. [2, 22].
Though both GMR and CMR deal with the change in electrical resistance on application
of a magnetic field the mechanism involved are very different. Substitution of La by
divalent ions in LaMnO; generatess Mn"" (or holes) in the compound. When the
concentration of holes is adequate in La,.,.Ca,MnQ; the material shows ferromagnetism
and an associated insulator-metal (I-M) transition. The resistivity behavior is insulating
above the ferromagnetic transition temperature, Tc and on cooling the material undergoes
an I-M transition with a peak in the resistivity at a temperature, T, close to the Tc. This
behavior has been explained by double exchange mechanism of Zener and De Gennes.
The application of a magnetic field (in Tesla) leads to a significant decrease in the
resistivity of La,.,Ca,MnQs, the magnitude of decrease being the maximum in the region
of Tc or T,. A typical example to show the variation of resistance as a function of
temperature in an applied magnetic field is shown in Fig, 1.3. The high MR close to the T¢
or Tp is due to the fact that around the T¢ the magnetic energy provided by the external
field is comparable with the energy due to both thermal motion and double exchange
mechanism and hence leading to a decrease in the resistance. Below T, there is not much
effect as the material is already ferromagnetically ordered and the field has negligible
effect. Though CMR close to 100% has been observed at room temperature [23], the field
required is very high (of the order of few tesla) making them unusable for technological
applications.

The %MR varies from one composition to the other in the same series of Ln;.
xAxMnO; manganates. A Mn** content of around 33% is optimal for obtaining good
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ferromagnetic characteristics. Hence, cation deficient LaMnO; and oxygen deficient
LaMnQs represented as La; sMn; 03 and LaMnO;; also exhibit MR; the ferromagnetism
and insulator metal transition depending on the vacancy, §, in these samples [24-28].

When the size of the A-site cation, {rs) is decreased by aliovalent substitution by a
smaller ion, there 1s a buckling of the MnQO; octahedra and the Mn-0O-Mn bond angle is
reduced from 180°. This decrease in bond angle decreases the overlap between the orbitals
leading to the narrowing of the energy band formed by the e, electrons in the highest
energy level. The conductivity of these manganates is controlled by the width of the e,
band. Narrowing the ¢, band weakens ferromagnetic coupling resulting in the lowering of
ferromagnetic Curie temperature, Tc and an increase in the resistivity at the metal-
insulator transition [29-35]. The following relationship has been derived to correlate Tc
and the electronic bandwidth, W with the Mn-O-Mn bond angle, 8 in the LaysAsMnQ;
manganates [34],

Te{0) o« W(B)ex Cos’d
The maximum value of T¢, Ty is when (rs) = 1.23 £ 0.01A which corresponds to a
tolerance factor of 0.93. MR is found to be enhanced in the rare-earth manganates by (1)
shift of T¢ (Tim) to lower temperatures (or decrease in {rs), Fig. 1.4 [32]), (2) a reduced
mobility of the doping holes and (3) an increase of the coupling between the itinerant and
localized electrons. The resistivity p(H) is proportional to BM*(H) where the coefficient
B is related to the Hund's coupling J and electronic bandwidth W as B ~J/W [33]. The

relation between tolerance factor and bandwidth is clear from the study of the manganates
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with compositions Lag7A¢3MnQO; where A = Ca or Sr and the T¢ increases with t over
the range 0.96 < t < 0.98. The transition at T is first order and the CMR is greatest near t
~ 0.96. Effect of hydrostatic pressure is similar to that of increase of {ra) [36,37] as could
be seen in Figure 1.5. These studies suggest that the {ra) - T¢ relationship is consistent
with a transition that is driven by the kinetic energy gain of the carriers on entering the
metallic state.

Although double exchange is found to be necessary for observing CMR in the
perovskite manganates, double exchange alone cannot adequately explain the varied
features of the CMR phenomena. The DE mechanism can predict the resistivity transition
qualitatively but it cannot explain the magnitude of the change in resistivity (by several
orders of magnitude) at ferromagnetic transition on application of a field. The important
thing to be noted about the CMR compounds is that the resistivity at T > T¢ is much
larger than the Mott limit [38] and rapidly increases as T decreases. In models involving
only DE the scattering produced by spin disorder is simply not large enough to cause the
insulating behavior. There is a too slow dependence on doping concentration when only
the DE mechanism is considered. The understanding of the behavior and the mechanism
of the conductivity of these manganates both above and below T¢ have been the focus of
numerous studies. The realization of the importance of electron—phonon coupling by
Millis et al. [39,40] came as an eye opener to understand these CMR manganates. The
microscopic origin of electron-phonon coupling has been tracked down to the large Jahn—
Teller effect occurring in the d* ions (Mn®") in an octahedral ligand environment. The

local distortion of the lattice due to the J-T effect produces a potential minimum leading
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to a self-trapped state called a polaron above the T¢. Below T, the self-trapping
disappears as the bandwidth broadens and the electrons are much more mobile.
According to this theory, electron-phonon coupling should be stronger for narrower
bandwidths enhancing the self-trapping effect and leading to higher resistivities. Several
theories have come up to elucidate the role of electron—phonon coupling in producing
CMR and have contributed to the understanding of the resistivity behavior in the CMR
manganates [41]. Experimental studies of perovskite manganates involving isotopic
substitution [42-47], neutron diffraction [48-54], X-ray absorption [55,56], thermopower
measurements [57,58), photoemission spectroscopy [59], optical conductivity
measurements [60], X-ray scattering [61] and Hall effect [62] give evidence for the
electron-phonon interactions predicted by Millis et al.

A large oxygen isotope effect on the ferromagnetic Curie temperature, Tc of
Lag gCap.MnQO; [42] supports the electron phonon coupling and polaron theory. Such a
substitution invariably leads to the decrease in the ferromagnetic Curie temperature of
the material (Fig. 1.6). Babushkina and co-workers have studied the effect of
substitution of 0'® by O'® on Lag.75Pr0.525C20.3MnO; and found a switching over from a
metal to an insulator after isotopic substitution [46). Pulsed neutron diffraction studies
of Lay.,Sr,;MnO; (0 £ x < 0.4) suggest that polaronic lattice distortions related to the
local JT distortion exist in the paramagnetic and antiferromagnetic as well as
ferromagnetic phases. The polarons are single-site small polarons above T¢ or Ty,
while at low temperatures they become more extended and cover three Mn sites

[49,50). Dai et al. has studied the structural and magnetic phase transition in the
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perovskite LagssCagisMnO; by neutron powder diffraction. Their results show an
anomalous volume, rms motion of oxygen and Mn atoms around T¢ which are in good
agreement with the dynamic J-T distortions theory. The work of De Teresa et al. [51,
52] regarding the evidence for magnetic polarons or magnons in the perovskite
manganates is worth mentioning. The presence of magnetic polarons above T¢ has been
confirned using a combination of volume thermal expansion (with and without field),
magnetic susceptibility and small angle neutron scattering (SANS) measurements. They
have interpreted the increase in thermal expansion in the range T¢c < T < 1.8T¢ as due to
the small polaron being dressed by the short-range ferromagnetic correlations forming
an entity that moves as a whole. The change in the volume and SANS intensity under
magnetic field indicates that the ferromagnetic cluster is associated with the lattice
distortion. The observed growth in size and decrease in the number of ferromagnetic
domains on application of a magnetic field above T¢ implies that the field stabilizes
greater ferromagnetic order. Hence, the polarons may condense into larger
ferromagnetic domains containing many delocalized charge carriers. Within a
ferromagnetic domain, the conductivity is presumably metallic, so the resistance
decreases as the fraction of the metallic volume increases. In a recent study of the
Lng;A5:MnQ; system, atomic pair distribution function analysis of pulsed neutron
diffraction data suggests that the principle effect of the ionic size is to change the
polaron formation energy through the change in the local elastic response [54]. Also,
the polarons are stable only up to a radius of ~1.19-1.20 A and the compositions near

this crossover ionic size condition show large CMR effects.
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EXAFS studies of the rare-earth manganates show the existence of local lattice
distortions as predicted and support the polaronic mechanism for the electrical
conduction in the paramagnetic phase [55,56]. Thermopower and transport
measurements on thin films of Lay;Ca;sMnQ; at temperatures above T¢ have shown a
large field dependent difference between the activation energies for resistivity and for
thermopower which supports the polaron-dominated conduction and these polaronic
distortions, evident in the paramagnetic phase persist over some temperature range in
the ferromagnetic phase [48,49,56,58].

Another factor which affects the properties of the rare-earth manganates, Ln,.
AxMnO; apart from the average A-site cation radius, {ra), is the relative concentration
of Mn’* and Mn"" (holes or electrons). This is evident from Fig. 1.7a, which shows the
change in resistivity as a function of temperature for La;..SrxMnO; for different values
of x [63]. The rare-earth manganates of the type Ln,AMnO; (Ln = lanthanide, A=
alkaline earth) are categorized into hole-doped and electron doped based on whether x
< 0.5 or x > 0.5 respectively. The properties of the hole-doped and electron-doped
manganates of the type Ln; AMnQO; are very different for a given Ln and A
combination. This could be seen in the phase diagram of La; . Sr;MnQ; in Fig. 1.7b.
However, a much clearer evidence for the difference in the behavior of the hole-doped
and electron-doped manganates is the phase diagram of a few other representative
manganate systems which would be discussed in a later section on charge-ordering.

The resistivity behavior and the phase diagram of La, ,Sr,MnQ; (Fig. 1.7) show

that with increase in x the material changes from a spin-canted insulator to a
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ferromagnetic insulator at low temperatures. No ferromagnetic phase transition is
observed for x < 0.05. At a critical concentration of x = 0.16 there is a change in the
low temperature resistivity behavior from a ferromagnetic insulator to a ferromagnetic
metal . The large reduction in resistivity, Ap around the Tc in a magnetic field is scaled
with the field induced magnetization M as -Ap/p = C(M/M,)* for M/Ms < 0.3, where
M; is the saturated magnetization. Neutron diffraction studies show that the structural
phase diagram and the metal insulator transition in the (La,Sr)MnO; system are linked
[63]. Specific heat and low temperature resistivity study near the critical behavior of the
metal-insulator transition (X = 0.16), reveal the presence of spin polarized anomalous
metallic phase with strongly lattice or orbital-coupled diffuse charge dynamics. A more
recent study involving magnetic X-ray dichroism (MXCD) shows that my(Mn) and
Mgin(Mn) are essentially unchanged, whereas mo(O) changes dramatically for the
ferromagnetic metallic and insulating phases of La;.Sr,MnQOs [64].

Other than the factors described in the previous sections, disorder arising due to
the size-mismatch between the A-site cations is also found to affect the properties of
the perovskite oxides [65-70). Rodriguez-Martinez and Attfield quantified this effect by
the parameter o, called the variance (the second moment) of the A-cation radius
distribution. The ferromagnetic metal to paramagnetic insulator transition temperature,
T, in the rare-earth manganates of the type Lng 7A43MnO; is found to decrease linearly
with the increase in size mismatch, o2, (Fig. 1.8a) according to the relation, T, = Tin(0)
- p1Q’, (p1 is the negative slope and Q is the oxide ion displacement) where Tp(0), the

intercept is the experimental estimate of the ideal transition temperature that would be
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observed if cation size disorder is absent for a given value of {rs). The value of T,,(0)
was found to be 400 K and p = 20600 KA for the Lng7A03MnO; system with a fixed
(ra) of 1.23 A. Similar linear correlations between Tn, and o are also evident for
Lng sAgsMnQ; systems [66]. Damay et al. have deduced a 0'2-(rA) diagram for the
Lng sA¢sMnO; compositions which shows that the low temperature magnetic phases in
these manganates lie within distinct regions in the {rs)-6” plane. Following the linear
relationship between T,, and o°, disorder-corrected variation of Ty, with (ra) was
estimated and it was found that the experimental estimate of the T,, for an ideal,
disorder free Lnp7Ag3MnQ; perovskite is ~530 K which is higher than the
experimentally observed value. These quadratic relations for (ra) and o* show the
strong influence of local, incoherent lattice strains on the metal-insulator transition in
these manganates. Based on these relationships, a phase diagram for Lng7A3;MnOs
system has been derived by Rodriguez-Martinez and Attfield (Fig. 1.8b).

Size disorder due to A-site cation size mismatch is also evidenced to affect the
magnetotransport properties of the pervoskite manganates. Increase in size disorder for

the Lng 7A03MnO; compositions is seen to suppress the magnetoresistance.

Magnetoresistance in layered manganates

The Ruddlesden-Popper (RP) manganates with the general formula
{(Ln,A)p+1MnyOs44; (n = dimensionality) have also been examined for high MR. In the
case of SrOQ(La;Sr,MnOs), series, the n =1 member is an insulator with the two

dimensional K;NiFy structure and does not show ferromagnetism with a well defined
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Tc [71]). The n =2 member exhibits a sharp insulator metal transition and high MR [72,
73]. Tc and Ty, increase with n in this family. In La;4Sr;éMn;0O, the current
perpendicular to the MnO; planes is large, close to Tc and the barrier to transport
provided by the intervening, insulating SrO rock salt layers can be removed by the
application of a magnetic field; the interlayer transport appears to occur through

tunneling [74]. Large MR has also been observed in Laz.Cay+2,Mn207 [75].

1.5 Magnetoresistance in other materials

Other than the rare-earth perovskite manganates CMR had been observed in many
other materials also. The compound T1;Mn,0; with the pyrochiore structure which has
neither mixed-valence for a double exchange mechanism nor a J-T cation such as Mn**
shows CMR [76]. Doping of this compound with Sc decreases the Te by 15% but the
MR in a field of 6T grows by a factor of 60 [77,78]. Another compound is the ordered
double perovskite Sr;FeMoQOs which exhibits tunneling-type MR (TMR) at room
temperature [79]. Many other double perovskites have been investigated on the lookout
for CMR [80]. CMR has also been reported in Cr chalcogenide spinels Fe)zCu,Cr,S4
by Ramirez et al. [81] and in Cr,S;3.x (x = 0.08) by Vagieiro et al. [82]. Cobaltates of

the type La; xA:CoO; (A = Ba, Sr, Ca) are also known to exhibit MR [83].

1.6 Charge ordering in manganates
Transition metal oxides with differently charged cations of the same element

show the phenomenon of charge-ordering wherein the cations order on specific lattice
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sites. Such an ordering of the cations leads to the localization of the electrons rendering
the material insulating in the charge-ordered (CO) state and is often accompanied by a
change in crystal symmetry. Charge-ordering competes with double exchange and
hence when the potential energy of the electrons overcome the kinetic energy, they get
localized resulting in an increase in the resistance of the material in the charge-ordered
state. The Jahn-Teller effect aids in the localization of electrons by inducing lattice
distortion.

The phenomenon of charge-ordering is known since 1939 in the spinel Fe;0,
though called by a different name, the Verwey transition [84]. Fe;0, is a ferrimagnet
below 858 K (Tn) and on cooling shows a resistivity increase around 120 K, the
Verwey transition temperature, Ty (Fig. 1.92). This increase in resistivity is attributed
to the ordering of Fe’* and Fe’* ions. However, recent studies [85, 86] show that the
ordering in Fe;O, is more complicated and it is difficult to have a clear picture
regarding the ordering below Tv. Fig. 1.9b shows the charge and spin ordering as
observed in Lag 13S0 ¢7FeOs [87].

Because of the electrons occupying the d-orbitals in the transition metal ions
charge-ordering in transition metal oxides is closely related to the spin and orbital
ordering. However, the spin (antiferromagnetic) ordering and orbital ordering may or
may not occur at the same temperature as the charge-ordering temperature, Tco. Orbital
ordering generally accompanies spin ordering as explained by Goodenough [5]. Charge
and spin ordering have been observed in cuprate superconductors [88] and a few other

transition metal oxides like La,..Sr,FeO; [87,89], La,.,SrNiQ4 [90,91] and LiMn,0,
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charge-ordering temperatures, respectively. The abbreviations mean paramagnetic
insulator (PMI), ferromagnetic insulator (FMI), ferromagnetic metal (FMM),
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antiferromagnetic insulator (COAFMI) and canted antiferromagnet (CAF) (from

references [94-99]).
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[92,93]. However, the study of charge-ordering in the rare-earth manganates, Lni.
«AMnO; has received more attention as the charge-ordering occurs through a fairly
wide range of compositions provided the average A-site cation radius, {rs) is not too
large. Charge-ordering in the rare-earth manganates have been observed by Wollan and
Koeller, and Goodenough in the 1950's [4,5] and in 1985 by Jirak et al. [94].
Charge-ordering in the rare-ecarth manganates of the type Ln;«A,MnO; is very
sensitive to the average A-site cation radius, (r,). Large (ra) favors ferromagnetism and
metallicity as could be seen in the case of La,,SryMnO; and Pri.Sr,MnQO;. To
understand the evolution of charge-ordering in the rare-earth manganates as a function
of (ra) and doping it is appropriaie to look at the temperature-composition phase
diagrams of Ln;.AMnO; systems (Fig 1.10) [94-99]. Fig 1.10a shows the phase
diagram of Pr;,St;MnQ, where the (r,) varies in the range 1.192-1.297 A. This system
shows no charge ordering in the entire (ra) and composition region. The Pr;.,Ca,MnO;
system, on the other hand, exhibits charge-ordering over a wide composition range,
namely x =0.3 — 0.8. Similar kind of behavior is evident on comparing the higher (ra)
system La,_Sr,MnO; [Fig. 1.7b] with that of the lower {rs) system La;.,Ca,MnQ; [95].
No charge-ordering is evident in La; 4Sr,MnO; system according to the phase diagram
in Fig 1.7b [63a). However, a recent report show the presence of a charge-ordered state
stabilized by an applied magnetic field at low temperatures in Lag g75Sr0.12sMnQ5 [Fig
1.11][100]. Also, evidence for orbital ordering in LagggSro12MnQO; has been found

using resonant X-ray scattering [101].
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The phase diagram of La;.,CaMnO; shows charge-ordering mainly for x 2 0.5.
Both the Pri,Ca,MnO; and La.,CaMnQ; systems show charge-ordering for the
compositions with x > 0.5 i.e. in the electron-doped regime. However, there are certain
differences between the hole-doped compositions in these manganates. Thus,
Pro.7Cag3MnQ; charge-orders around 230 K (T¢o) in the paramagnetic state, becoming
antiferromagneﬁc at 170 K; it is an insulator and does not show ferromagnetism in the
absence of a strong magnetic field. Lay7Ca;3MnOs, on the other hand, is a FM metal
below the Curie temperature (T = 260 K) and a paramagnetic insulator above Tc. The
system Nd;.,.Sr,MnQO; falling in the intermediate region of {r.) between
(La),(Pr)StMnO; and (La),(Pr)CaMnO; systems shows an altogether different phase
diagram. Upon hole doping the ground state spin ordering varies from that of a
ferromagnetic metal to that of charge-ordered (CO) CE-type antiferromagnet, to that of
a metallic A-type antiferromagnet and finally to that of an insulating C-type
antiferromagnet in the this system. The CE-type charge (spin) ordering is seen to occur
in a very narrow composition window around x = 0.5 in Nd;.,Sr,MnO;. The
superlattice reflections in the neutron diffraction profiles give indication of the type of
magnetic ordering as could be seen in Fig. 1.12 [97b]. The Nd,xCa,MnQ; system also
exhibits charge-ordering over a large-composition range of 0.30 < x = 0.80 [102}. This
is clearly evident from temperature variation of resistivity and magnetization data [Fig.
1.13]. The phase diagrams clearly illustrate the presence of electron-hole asymmetry in
these manganates. Despite these differences, one could see that the hole and electron-

doped regime in Pr, ,Ca,MnO; show some similarities. The charge-ordering transition
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temperature, Tco increases with hole concentration in the 0.30 2 x > 0.50 regime and
with electron concentration in 0.30 2 x 2 0.80 regime in the (PrCa)MnQO; system [103].
The charge ordered states in the manganates discussed above are associated with a CE-
type AFM ordering [4,5] where the Mn®* and Mn*" ions are arranged as in a checker
board and the Mn®" sites are J-T distorted. The zig-zag ferromagnetic chains stack
antiferromagnetically along the c-axis. The spin ordering (AFM) temperature, Ty in the
charge ordered manganates, may or may not coincide with Tco. The type of €, orbital,
3x2-r2 or 3y’ at the Mn®" site determines the exchange coupling between the Mn>*
and Mn*" jons and the CE-type CO state in Ln;.xA,MnO; is associated with ordering of
these orbitals at the Mn®" site. The J-T distortion associated with such an orbital
ordering stabilizes the CE-type AFM state relative to the ferromagnetic metaliic
(FMM) state. Complete orbital ordering is achieved when there is both charge and spin
ordering. In manganates showing A-type antiferromagnetism, orbital and spin ordering
occur without charge ordering. Charge, spin and orbital ordering in CE-, A- and C-type
AFM phases is shown in Fig 1.14 [97b]. The arrangement of spins iﬁ the A-type allows
for some electron transfer between Mn cations in the ab plane; This is clear from the
comparison of ﬂae variation of resistivity as a function of temperature of Prg sSrp sMnO;
and Ndy sSrpsMnQ; {Fig 1.15][104]. As seen from the figure, the resistivity behavior is
the same for the two manganates except for the fact that the magnitude of change in
resistivity at Ty is less in the case of PrysSrosMnOs. This is because PrysSrg sMnOs
transforms from the FMM state to a A-type AFM state on cooling at Ty unlike

Ndp sS19.sMnO; which goes to a CE-type CO state on cooling below Ty (Tco).
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Fig. 1.13 Temperature variation of (a) resistivity in field of zero (solid line) and 5T

(dotted line) and (b) magnetization in a field of 5T for Nd,.,Ca,MnQ; (x = 0.20,

0.35 and 0.80) (from Ref, [102]).
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Like the ferromagnetic Curie temperature Tc, the charge ordering temperature Tco
in the rare earth manganates, Ln;.,AMnO;j 1s highly sensitive to (ra). For x £ 0.5, Tco
generally increases with decrease in (ra). Charge-ordering in thé LngsAosMnQO;
systems have been investigated extensively [105-112]. Structural investigations for the
LngsSrosMnO; and LngsCaosMnQOi; [107] show that the Mn-O(eq)-Mn angle is
significantly larger (by 2-6°) than the Mn-O(ax)-Mn angie for all the Lno sSrosMnO3
and Lng sCas sMnO; compounds. There is a change in the crystal symmetry from Pnma
to Ly/mem through Imma in the LngsSrosMnO; manganates with increase in (rs)
whereas all the LngsCagsMnO; compounds crystallize in the orthorhombic Pnma
symmetry. The decrease in the {r,) leads to the increased tilting of the MnOs octahedra
thereby localizing the electrons and charge-ordering is favored. The change in the
octahedral tilt system affects the low temperature magnetic structure [107,108]. The
apparent one-electron bandwidth estimated on the basis of the experimental Mn-O-Mn
angles and Mn-O distances in LngsA¢sMnO; do not vary significantly with {ra)
suggesting that other factors may be responsible for the sensitivity of the CO state to
(ra). One possibility is the competition between A and B site cations for covalent
mixing with O(2p) orbitals [106b]. A schematic diagrarh (Fig. 1.16) showing the
prevalence of CQO and ferromagnetic states as a function of (r,) in the LngsAgsMnOs
manganates have been constructed based on the variation in the ferromagnetic and
antiferromagnetic exchange couplings Jem and Jarm by Kumar and Rao [110].

The CO state can be transformed into FMM state by the application of magnetic

fields [112-115) or by pressure. The sensitivity of the CO state to the applied magnetic
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field in different charge-ordered manganates depends on the average A site cation
radius (ra) [114, 115). Hence, the field required to melt the charge-ordered state in
Pro oC204MnO; is higher than what is required to melt the CO state in Ndo sSr.sMnO;.
Nd, sSre.sMnO; undergoes a transition to the ferromagnetic metallic state at a T, ~ 250
K and exhibits CE type AFM ordering at about 150K (Tco). The transition from a
charge-ordered insulator to a metal on application of a magnetic field is first order,
showing hysteresis. The temperature-magnetic field phase diagram of a few
representative manganates is shown in Fig 1.17. The field required to melt the CQ state
in manganates with smaller {r,) is high and in the case of Yy sCagsMnQO; even a field of
100 T does not induce a ferromagnetic transition [114]. The magnetic field induced
metal-insulator transition has been studied using neutron diffraction, optical
spectroscopy, magnetostriction and specific heat measurements [113, 116-119]. In the
case of Pry7CagsMnO;, an applied field enforces a ferromagnetic spin alignment and
drives the material into the metallic phase by actuating the double exchange mechanism
and destroying charge-ordering. This is evident in the drastic suppression of the
superlattice intensity at (2,1.5,0) which is the characteristic superlattice reflection due
to charge-ordering [113a). Magnetothermal studies suggest that the field-induced
transition is associated with an enormous release of energy, which accounts for its
strong irreversibility [113c]. There is a huge change in the optical spectra of
PrysCapsMnO; in an applied magnetic field of 6.5T over a wide photon-energy
(0.05eV-3eV) due to the melting of the CO state [116] and the change in the anisotropy

of the optical spectra suggests a continuous change in the electronic structure from the
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anisotropic CO state to the isotropic FMM state with increasing magnetic field. Low

temperature specific heat measurement of Pr,Ca,MnO; (0.3 < x < 0.5) and

Lag sCag sMnQs in a magnetic field just sufficient to induce the transition from CO state

to FMM state suggests that the charge-ordering is not completely destroyed by a

'melting' magnetic field and CO and metallic regions coexist in the sample [117]. The

melting of the CO state in ng‘ssr;;,sMn03 as studied by optical conductivity suggests

that the melting of the charge-orbital ordered state in this manganate occurs through the
percolation of ferromagnetic metal domains [118). Huge positive magnetovolume
effect observed over a wider temperature range in NdgsSrosMnO; is attributed to the
field induced structural transition [119]. This is further confirmed by the anomalies in

the anisotropic magnetostriction at the field-induced transition as seen in Fig 1.18

[119). Hence, three different types of CO manganates can be delineated based on the

effect of magnetic fields.

1. Manganates that are ferromagnetic and become CO at low temperatures (e.g.
Ndp sSrp,sMnO3) which could be transformed to an FMM state on application of a
magnetic field.

2. Manganates that are CO in the paramagnetic state and do not exhibit a FMM state,
but transform to a FMM state under a magnetic field (e.g. Pr;xCa,MnQ;) and

3. Manganates which are CO in the PM state as in (2), but are unaffected by magnetic
fields upto ~ 5T (e.g Yo.5Cao sMnQ3).

The x = 0.5 manganates with {r,) = 1.17A seem to belong to the third category.
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Effect of chemical and external pressures on the two types of charge-ordered
systems falling into category (1) and (2) as mentioned above has been investigated
[120,121]. Application of external pressure and resultant enhanced carmier itinerancy
suppresses the CO transition for Pr;..Ca,MnQ; x (0.3 € x £ 0.7) and for x = 0.3
produces a metallic phase from the low temperature. As a function of effective
pressure, three different pressure regions for the low temperature state in Pr;.«Ca,MnQO;
have been identified [Fig. 1.19] [120]. Increase of chemical pressure by substituting a
bigger 1on such as La in place of Nd in NdgsSrosMnO;, increases the one-eleciron
bandwidth (W) thereby suppressing the CO state and finally disappears above z = 0.6
for (Nd,..La,)o.sSrosMnO;. In a narrow window of z (0.4 < z < 0.6) another type of
AFM phase replaces the AFM-CE state due to the subtle balance between the
competing interactions.

The effect of pressure on the manganates (Nd,.,Smy)ysSrosMnO; with a
controlled one-electron bandwidth have also been studied [122-124]. The competition
between the ferromagnetic double exchange interaction and the antiferromagnetic
charge-ordering instability in these compositions gives rise to thermally as well as
magnetic field induced insulator metal transition. The T¢ decreases from 225 to 115 K
as y increases from 0.0 to 0.875 in this system as expected for a decrease in (rs). Also,
the Tco decreases from 158 to 0 K with the increase in x. This unusual behavior
wherein T is suppressed as T approaches T is interesting,

Other than magnetic field, internal and external pressures, the CO state in the

manganates could be melted by other stimuli also [125-128]. X-ray irradiation of the
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charge-ordered insulator Pro7Cay3MnQ; at low temperatures induces a transition from
the insulating AFM to metallic FM state [125]). This transition is accompanied by
significant changes in the lattice structure and can be reversed by the thermal cycling.
Similar effect is also seen on application of an electric current to this manganate [126).
Visible-IR pulse laser irradiation also induces an insulator-metal transition in the CO
phases of Prg 7Cag sMnO; by photocarrier generation [127). The light induced insulator-
metal transition in Pry;Cag;MnQ; is shown to generate a well-localized conducting
path while the bulk of the sample remains insulating which could be visualized through
a change of reflectivity accompanying the phase transition [128]. A more recent report
on the spectroscopic study of photoinduced charge-gap collapse in Pr;.,Ca,MnO;
suggests that the laser irradiation excites localized electrons to destroy the charge gap,
which may be general behavior not only of CO insulators but also of strongly correlated
insulators in general. Electron irradiation of Pry 7Cas sMnQ; at 92K leads to a complete
charge-disordering, the disordered state remaining stable at this temperature even in the
absence of irradiation [129]. Films of charge-ordered Ndy sCap sMnOs, Gdg sCag sMnQs,
Yo.5CapsMnO; and Ndy sSro sMnO4 show insulator-metal transitions on the passage of
small electrical current [130]. What is noteworthy is that such an electric-field induced
transition occurs even in films of Yy sCay sMnQ;, where the CO state is not affected by
high magnetic fields in the polycrystalline sample [Fig 1.20]. The transition is
attributed to the depinning of the randomly pinned charge solid.

Substitution of '*O by '*0 in the manganates affects the charge-ordering

transition temperature, Tco. The Tco in Lag sCagsMnQ; increases by 9K by such a
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substitution. The isotope shift increases with the magnetic field in LaysCagsMnO; as
well as in NdgsSrosMnO; [131]. Also, the substitution of 'O by B0 in (La.
yPry)o.7Ca03MnO; for y = 0.75 results in the reversible transition from 2 FMM to CO
insujator at zero magnetic field [132]. This effect is caused due to the modification of
the effective hopping integrals and the resulting electron bandwidth due to isotope
substitution, which shifts the relative stability of the CO versus ferromagnetic states
and leads to a transition between these phases. In *Q substituted Prys7Cag3:Mn0O;, the
magnetic ﬁeld induced insulator-metal transition occurs at a higher field since the
heavier isotope favors the insulating state [133]). Tco is affected to a greater extent in
Ndy sStre.sMnO; than Pry sCag sMnO; due to 80 substitution {134] hence delineating the
role of (ra). Theoretical studies based on a combination of the double exchange and
interacting lattice polaron mechanism suggest that the isotope effect on T¢ in the
metallic phase and T¢o in the CO-phase of manganates is due to the polaron formations
originating from the strong electron phonon interactions [135].

Other than neutron and X-ray diffraction, electron diffraction has been used
widely to study and image the crystallographic superstructures arising from charge
ordering. Lag sCagsMnQs; shows a ferromagnetic transition around 225K followed by a
first-order transition to an antiferromagnetic CE state at ~135 K. The first order FM-
AFM ftransition is characterized by a substantial thermal hysteresis in the temperature
dependent resistivity and magnetization measurements. This latter transition from FM
to AFM state is structurally associated with a incommensurate to commensurate

charge-ordering phase transition as evident from electron diffraction and real space
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Fig. 1.20 (a) Temperature variation of the resistance of Y sCaosMnOs film deposited
on LAO(110) for different values of current and (b) Cooling and heating curves for

different current values indicative of memory effect (from ref. [130]).
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imaging [136]. This is clear in Fig. 1.21 showing the variation in the
incommensurability of charge-ordering, € as a function of temperature. Synchrotron X-
ray and Neutron powder diffraction study of LapsCagsMnQO; suggests that
commensurate long-range charge-ordering coexists with quasicommensurate orbital
ordering in this compound [109). The coexistence of ferromagnetism and charge-
ordering in the narrow temperature range 220-135K is due to an inhomogeneous spatial
mixture of incommensurate CO and FM (charge disordered) microdomains. High-
resolution lattice images of the incommensurate charge-ordered microdomains indicate
a charge-ordered state with a fine mixture of paired and unpaired J-T distorted Mn®*
stripes [137].

The La,.,Ca,MnO; compositions in the eleciron doped region (0.63 < x < 0.67)
undergo charge-ordering transition at 260K which is accompanied by an increase in
sound velocity, anomalies in the heat capacity and the activation energy for conduction
as shown in Fig 1.22 [138(a)]. The transmission electron microscope images of the x =
0.67 composition (Ty = 160K) show pairs of Mn**Og octahedra [Fig 1.23][139). The
periodicity are between two and five times the lattice parameters of the orthorhombic
unit cell, corresponding to the compositions x = 1/2, 2/3, 3/4 and 4/5. A mixture of
adjacent configurations is seen for other values of x. Paired Jahn-Teller distorted stripes
(JTS) or bi-stripes are suggested to be the basic building block of the CO state. A
structural model of the CO state has been proposed with a crystailographic unit cell of

3a x b x ¢ of the high temperature unit cell and same symmetry [138(c)).
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Fig. 1.23 Schematic real-space charge-ordering of Mn** (open circles) and Mn®*
(closed circles) for La«CaMnOs compositions with (a) x =0.67 and (b} x =0.5,

demonstrating the 16.5 A and 11 A periodic stripes respectively (from ref. [139]).
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The crystallographic (CO) and magnetic superstructure of Lag;3Cag.¢67MnQOs
have been studied by high-resolution synchrotron X-ray and neutron powder diffraction
[140]. The lattice parameter is tripled and the c lattice parameter is doubled in the AFM
structure with respect to the average crystallographic unit cell. The d,” orbitals of the
Jahn-Teller distorted Mn’* Oy octahedra order in the orthorhombic ac plane. The Mn**
ions order as far as possible in the ac plane to reduce strains on the system and the
Mn** Qg are displaced in the ¢ direction. All these structural features are more consistent
with a Wigner-crystal model rather tha;n the bi-stripe pattern. Fig, 1.24 compares the
two models. One possibility is that the electron microscopic data are not representative
of the bulk sample. A recent electron diffraction and high resolution imaging study of
this compound in combination with calculations based on the two models supports the
Wigner-crystal model [141). Infrared absorption measurements show that the La,.
«Ca,MnO; samples with x = 0.5 and x = 0.66 both have gaps at a temperature below
Tn, providing an explanation for the coexistence of ferromagnetism and CO in the x =
0.5 composition [142). High temperature studies of La;,CaMnOQ; [143(a)] show the
decoupling and coupling of the FM zigzags for x ~ 3/8 and 1/2 respectively. This
provides evidence for the presence of short-range charge ordering correlation at high
temperature possibly in the form of a FM “zigzag”, a small segment of the CE-type CO
state. Inelastic light scattering experiments on La,.,Ca,MnQ; (0.45 < x < 0.76) show
that the presence of enhanced fluctuations persisting upto temperatures of atleast 2T¢qo

for x ~ 0.50 [143 (b)).
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Fig. 1.24 Comparison of the Wigner-crystal and Bi-stripe models. The upper panel
shows the fourier transform of the displacement patterns depicted in the lower panel

{from ref. [140]).
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NdosSrosMnO; with an (1) of 1.24A undergoes a transition from a
paramagnetic to ferromagnetic metal around 250 K (T) followed by a transition to the
CE type insulating state at 150K. The latter transition is accompanied by spin (AFM)
and orbital ordering and has been investigated by various experimental techniques.
Vacuum tunneling spectroscopy of Ndg sSro sMnO; has shown that a gap opens up in
the density of state around fermi level, E¢ on cooling the sample below T¢p [144]. This
CO gap of 250 meV collapses on the application of a magnetic field suggesting that a
gap in the DOS at Eg is necessary for the stability of the CO state [145]. However,
photoemission studies give an estimate of 100 meV for the gap [146]. These estimates
of the gap are considerably larger that Tco (12meV) raising more interest as to how a
magnetic field of 6T (1.2meV) destroys the CO state. Apart from the huge positive
magneto volume effect {119] observed in this compound, high resolution X-ray and
neutron diffraction studies also suggest that Nd, sSre sMnQO; phase separates into three
macroscopic phases at low temperatures depending on the synthesis conditions. The
evolution of the three phases namely, FMM high temperature (Imma), the orbitally
ordered AFM (A-type) and the charge and orbitally ordered AFM (CE-type) as a
function of temperature is shown in Fig. 1.25 [147]. Ultrasonic studies of
Ndp sSrpsMnO; show pronounced acoustic-mode hardening around Tco and softening
of the acoustic mode in the vicinity of the I-M transition induced by a magnetic field
[148].

Muon spin relaxation spectroscopy has been used to study the magnetic ion

spin dynamics in single crystals of Ndy sStr sMnO; and Ndg 45S10.5sMnO; [149]. The
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critical-slowing down of Mn ion spin fluctuations have been observed above the FM
ordering temperature of 250 K in NdqsSro.sMnO;. These studies suggest the formation
of spin-glass type regions into magnetically ordered states of Nd,.,Sr,MnO; around x =
0.5. Magnetic relaxation study behavior of LagsCapsMnO; and NdpsSrpsMnQ;
suggests that the general temperature dependence of the long time logarithmic
relaxation rate (LTLRR) in the two manganates are independent of the particular CO
system considered [150]. However, the lower temperature of the LTLRR minimum in
Ndp sSre.sMnO; compared 1o LagsCapsMnO; provides evidence for the stronger FM
interactions in Ndg sSrp sMnQ; when compared to Lag sCap sMnOs.

Specific heat measurements on a single crystal of Prg;Cap3;MnQO; in a
magnetic field of 8T have been used to get an estimate of the entropy and latent heat at
the first-order CO transition [151]. The total entropy change at the CQ transition, which
is~ 1.8 J/mol K at 0 T decreases to ~ 1.5 I/mol K in the presence of a magnetic field of
8T. The latent field involved in the CO transition is estimated to be 235 J/mol. Raman
spectroscopy study of charge ordered Pry¢sCag3sMnQ; suggests strong charge-lattice
and spin-iattice couplings in this manganate (152).

Ndp 5CapsMnQ; is a paramagnetic insulator in the charge-ordered phase with a
Tco= 240 K. The phase transition to a canted AFM state at 140 K [153] charge ordered
insulator phase in this compound could be melted by application of magnetic field.
Brillouin scattering experiments of single crystal NdpsCapsMnQ; had shown the
presence of ferromagnetic clusters in the CO and AFM phases [154]. A recent

temperature dependent EPR studies of Ndy sCay sMnO; [155] shows a large decrease in
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the linewidth from Ty to Tco which is explained in terms of motional narrowing caused
by the hopping of the J-T polarons yielding an activation energy of E, = 0.1eV. The
continuous increase in the g-value below Tco is suggestive of a gradual strengthening
of the orbital ordering.

Other than the rare earth manganates, Bi doped perovskite manganates have
been studied extensively. Bi.xCa,MnQ; system is similar to the La;«Ca,MnO; system
due to the similar oxidation state and ionic size of the Bi ion. Bao et. al. discovered
dynamic ferromagnetic spin correlation at high temperature in Bi.,Ca,MnOs (0.74 < x
< 0.82) which are replaced by antiferromagnetic spin fluctuations at a concomitant
charge ordering and structural transition ([156]. Chiba et al. [157] discovered
ferromagnetism and especially large MR for x = 0.875 whereas Murakami et al. [158)
reported evidence of long range period structures associated with charge ordering for x
~ 0.80. X-ray scattering studies of single crystals of Big24Cag76MnQO; show the
formation of charge stripes associated with the low temperature structural phase
transition indicative of charge ordering in this compound [159]. EELS studies of Bi,.
LCa,MnO; (x = 0.75) have shown that the hybnidization between oxygen 2p and Mn 3d
orbitals are weakened due to the distortion of the Mn-O-Mn angle at the charge
ordering temperature [160]. Amisotropic optical signatures of orbital and charge
ordering have been evidenced in Bi,«CaMnO; system [161] highlighting the complex
interplay between charge and orbital ordering in these compounds.

The Bi,.,SryMnQ; system shows very different behavior from the La;_,Sr,MnO;

inspite of La’* and Bi’* having similar ionic radii [162]. With increase in x in Bi,.
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«Sr,Mn0O; the magnetic moment decreases rapidly and the electrical resistivity remains
thermally activated and transition to a metallic state does not occur. Hence the double
exchange mechanism does not seem to work in this system and the localization effect
due to the local distortion arising due to lone pair on Bi could be the reason. Recently
Frontera et. al. have reported the presence of a CE charge ordered phase in
Big sSrp sMn(s1[163]. The Teo and the orbital ordering temperature Toop coincide in this

compound and is well above room temperature (Tco = 525K).

Charge-ordering in layered manganates

The Ruddlesden-Popper (RP} manganates with the general formula
(Ln,A)e1Mn, 03541 (n = dimensionality) have been the focus of study to have a better
understanding of the interplay of spin, orbital and charge-ordering with dimensionality
in comparison with the rare-earth manganates (n = 9. Charge ordering of Mn* and
Mn*" ions in LagsSr; sMnOy occurs around 120 K and the material becomes AFM at
110 K [164). This material shows anisotropic properties due to orbital ordering
[165,166]. Many other studies carried out in the last two years have contributed
tremendously to the understanding of the CO in the n=1 RP manganates [167-169].

Structural double layered manganates of the composition Lnj.;,Srq+2,Mn2O5 for
(0.5 £ x £0.75) and Ln=La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y and Er show the
existence of cation ordering between the two available cation sites with the smaller

lanthanides preferring the site in between the double layer block [170]. Charge ordering
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in LaSr;Mn;07 has been studied using Raman spectroscopy and electron diffraction

[171,172].

Charge ordering in other systems

The phenomenon of charge-ordering has been observed in many other systems
such as rare earth cobaltates [173-175], lanthanum nickelates [90,91], LiMn;04 [92,93],
LuFeQ, [176], TbBaFe,Os [177], rare carth ferrites [82,84], YbsAs3[178], sodium
vanadates [179-181] YbaCu30y5 [182]) and TMTTF family of molecular conductors

[183].

1.7 Phase separation and segregation in manganates

Rare earth manganates of the general formula, Ln| sAMnQOj; (Ln = rare earth, A
= alkaline earth) exhibit phase separation due to the occurrence of tiny clusters or small
nanometric regions of one type of magnetic phase in the matrix of another (e.g.,
ferromagnetic metallic clusters in an insulating antiferromagnetic matrix) or phase
segregation due to the coexistence of large domains of two phases. The phenomenon is
nearly universal in the manganates and crucially depends on the composition,
temperature, extemal magnetic field, dopant substitution in the Mn site and related
factors.

At low dopant levels in Ln; Ca,MnO; (x < 0.1), FM clusters are found to be
present in the antiferromagnetic host matrix, often giving rise to a spin-glass behavior.

The situation is similar when x > 0.9 [184]. Even in many of the manganates
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(exhibiting CMR) which are in the FMM state at low temperatures, charge-ordered
clusters occur. In La; . ,Pr,Ca,MnQO; (x = 0.37), phase segregation into submicrometer-
scale CO regions and FMM domain has been observed in electron microscopic images
[185].

Phase separation or segregation implies that the different phases possess
comparable free energies. The insulator-metal transition around the ferromagnetic Tc
and the CMR properties in Lag7Cap3MnQO; and other manganate compositions have
been viewed by some workers as a percolative transition involving the two states.
However, whether this requires mesoscopic phase separation or not is unclear. In the
last two years, phase separation and segregation has been reported in several rare earth
manganates and the phenomenon has been investigated by a variety of techniques.

The (La;.,Pry)s7Cap:MnO; system is one of the early examples of phase
separation. A recent study [186] shows that below T¢p there is another insulating phase
besides the CO phase and the insulator-metal transition is due to changes in the former
phase. The phase diagram of this system has a region (0.6 £ y < 0.8) where the low-
temperature magnetic state is macroscopically inhomogeneous [187]. In Fig. 1.26, we
show a possible phase diagram of the system. Enhancement of 1/f noise at the metal-
insulator transition indicates that a percolation mechanism may be operative, the
percolating phases being the FMM and COI phases [188].

Lag 7Cag 3MnQ; is probably the most well studied manganate for CMR and related
properties. The relation between the FM transition and polaron formation related to the

insulator-metal transition in this manganate has not been clearly understood. It has been
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shown recently that diffuse neutron scattering from lattice polarons develops as the
Curie temperature is approached from below along with short-range polaron
correlations, consistent with stripe formation [189]. Scattering due to polaron
correlations and the anomalous quasielastic component of the magnetic fluctuation
spectrum maximize close to T¢c. An optical Jahn-Teller phonon exhibits continuous but
anomalous damping with the increasing temperature in the FMM phase and collapses at
Tc, due to the growing dynamic phase separation as T— Tc¢ [190]. An electron
microdiffraction study has shown temperature-dependent diffraction spots, with the
intensity peaking at Tc. The results suggest the presence of nanometer-sized regions of
charge ordering and charge melting [191].

Electron-doped manganates are generally charge ordered in the x = 0.5-0.9 region
and show phase separation resulting from the strong competition between long-range
AFM order and local FM order even when 1.0 >x > 0.8 [192]. **Mn and 'La NMR
measurements on Lag;5CagssMnQ; show evidence of electronic phase segregation of
microscopic FM regions over an AFM background [193]. The FM clusters do not
expand or increase in their population in applied fields, unlike in the hole-doped
compositions. In Pr;.,Ca,MnQO; (x = 0.9, 0.95, 0.975), coexistence of majority AFM
and minority FM phases are indicated by NMR, neutron diffraction and magnetic
measurements [194]. There 1s a reduction in the FM volume with the increase in
temperature for large x. When x = 0.9, the FM phase is stable in the whole temperature

region of its existence.

70



Chapter 1

Similar phase separation and segregation have been observed in Ca;xBiMnOs
[195,196). In the bilayered manganates, LapzxSrixMn:07 (0.45 < x < 0.60), a
reentrant CO transition is observed at low temperatures. Reentrant CO melting arises
from the competition between charge ordering and ferromagnetism [197]. The
separation of CO and AFM phases seems to occur in LaSr;Mn;O,, the competition
between the two phases being associated with the transition to A-type
antiferromagnetism [198].

Several theories have been proposed to explain phase separation and related
phenomena. It has been suggested that instability towards phase separation and the
formation of inhomogeneous states is an intrinsic property of many of the correlated
electron systems such as the manganates [199]. Based on a simple model of CO, it has
been proposed that at any deviation from half filling, the manganate system is unstable
with respect to phase separation into CO regions and metallic region with a smailer
carrier density [200]. In order to explain the observance of large domains or clusters it
has been proposed that there is disorder in the regime of competing FM and CO states,
disorder playing an important role in phase separation [201]. Considering the
manganates as an inhomogeneous mixed-valent system, it is pointed out that it is
necessarily unstable with respect to phase separation into AFM and CO FM domains,
the latter increasing at the expense of AFM domains in the presence of magnetic field
[202]. Clearly, phase separation and segregation have to be taken into account in

understanding transport and magnetic properties of the manganates.
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2. SCOPE OF THE PRESENT INVESTIGATIONS

This thesis presents the resuits of investigations of rare earth manganates and
related systems. In particular the phenomenon of charge ordering in rare earth
manganates and the factors that influence charge ordering form the major part of
these investigations. The various aspects studied involve effects of cation disorder,
B-site (Mn site) doping by other ions and effect of magnetic fields. Mossbauer
spectroscopy also has been used to study the charge ordered rare earth manganates.
The re-entrant ferromagnetic transition in rare earth manganates with relatively
small size A-site cations has also been investigated. Charge ordering and related
aspects of electron doped manganates has been investigated in some detail. The
effect ot; cation size and disorder on the properties of rare earth cobaltates has been

discussed in the last section.

2.1 Effect of cation size disorder on charge ordering in rare-earth
manganates, LngsA,sMnQO; (Ln = rare-earth, A = alkaline earth)

Two of the important features of rare-earth manganates, Ln, A,MnO; (Ln =
rare-carth, A = alkaline earth), are the ferromaénetic metallic and the charge-
ordered insulating states exhibited by them {1,2]. The ferromagnetic Curie
temperature, T, around which an insulator-metal transition occurs in the
manganates has been shown to be sensitive to (a) the Mn*/Mn** (b) the average
size of the A-site cation, {rs) and (c) the mismatch in the sizes of the A-site cations.

While the Tc and the insulator-metal transition temperature Ty increase with the
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increase in the average size of the A-site cation {rs), the value saturates at high {rs)
values probably because many of these manganates have A-site cations with a large
size mismatch [3]. In order to account for the effects due to the strain arising from
the size mismatch of the A-site cations on T¢ or Ty, Rodriguez-Martinez and
Autfield [4,5] employed the variance in the distribution of (rs). The variance o’ is
defined by
SP=Yxrl-edt . (1)

where X, is the fractional occupancy of A site ions and r; is the corresponding ionic
radil. Rodriguez-Martinez and Attfield [4,5] as well as Damay et al. [6] have studied
several series of manganates of the type Ln; «A,MnQ; for fixed values of {ry) and
have found a linear relation between Tc and o°, with the Tc decreasipg with the
increase in o”. Since the charge-ordering behavior of the rare-earth manganates is
very sensitive to (ra), [1,2,7], we considered it tmportant to quantify how the
charge-ordering transition temperature, Tco, depends on the size mismatch between
the A-site cations. For this purpose, we have studied charge-ordering in several
manganates of the type LngsAgsMnQO;. In order to understand the dependence of
Teo on o, we have determined Teo in two series of manganates with fixed (ra)

values of 1.24A and 1.17A, albeit in a few members of each series, because of the

difficulty in realizing compositions which permit reliable measurements.

2.2 Effect of Mn site doping in rare-earth manganates, LngsAqsMnO,; (Ln =

rare-earth, A = alkaline earth)
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Rare earth manganates of the type Ling sAosMnOj3 (Ln = rare earth, A = Ca, Sr)
undergo charge-ordering wherein there is a real space ordering of differently
charged cations on specific lattice sites. In the charge-ordered (CO) state, the
hopping of electrons is unfavorable and the material is an insulator. The charge-
ordered state in these compounds is very sensitive to the average ionic radius of the
A-site cations, (ra) [8, 9]. In NdosSrosMnO; with (1) = 1.24A, the ground state
which is a ferromagnetic metal (FMM) (T¢ ~250 K) transforms to a charge-ordered
{CO) state on cooling to ~ 150 K [10]). When {ra) is small, as in Y, 5CagsMnOs ({ra)
=1.13 A), the ground state is a charge-ordered insulator even at room temperature
and the material. does not show ferromagnetism at any temperature [11].
Furthermore the charge-ordered states of Ndg sSrysMnQO; and Yy.5CagsMnQ; show
completely different sensitivities to magnetic fields. Thus, the application of a
magnetic field of 6T transforms the CO state in Ndy sSry sMnQO; to a metallic state,
but has no effect on the CO state of Yy sCagsMnQs. The CO state in Yo5CaosMnQ;
1 quite robust and even a field of 100 T cannot induce an insulator-metal transition
in this compound [12). Clearly there are two types of charge-ordered states in the
manganates depending on the (ra) regime [8]. Substitution of different ions in the
A-site varies the internal pressure and markedly affects the CO and FMM states, an
increase in (ra) or internal pressure lowering the Tco and increasing the
ferromagnetic Tc [13].

We were interested in investigating whether it is possible to melt the charge-

ordered states in the manganates by chemical means, by ion substitution in the B-
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site and if so, whether the two types of CO states show differences. In this context,
we notice the work of Raveau et al. [14] who reported that the antiferromagnetic
insulator PrysCapsMnQO; shows a insulator-metal (I-M) ftransition on the
substitution of Mn by Cr and Co. Damay et al. [15] substituted Prg¢CaosMnQ; by
several ions on the B-site and found that the metallic state is induced when Mn is
substituted by Fe**, AI*", Ga®* and Mg*. Barnabe et al. [16], on the other hand,
have reported that an I-M transition is induced in charge-ordered Lng sCao sMnOs,
most effectively by Cr. Maignan et al. [17] report a similar disappearance of
charge-ordering in Lng sCag sMnQj substituted by Ni. Encouraged by these reports,
we felt that it should be possible to systematically examine the two different types
of CO states, in the different {r,) regimes, by investigating the effect of appropriate
ion substitutions in the B-site. For this purpose, we have investigated the effect of
substitution of Mn by both transition and non-transition metal ions in
Lng sA¢sMnO; compositions, with widely differing (r,) values, on charge ordering
and related properties. The manganates investigated are, Yo sCagsMnQO; ({ra) =
1.13 A), Ndg sCag sMnO; ({ra) = 1.17 A) and Ndg sSrysMnO; ({ra) = 1.24 A). The

various substituents are Al, Ga, Ti, Fe, Cr, Co, Ni, Ge, Zr and Ru.

2.3 Re-entrant ferromagnetic transitions in rare-earth manganates
One of the important factors that affect the properties of the manganates is the
average radius of the A-site cations, (ra) {1,2]. In the charge ordered manganates,

the role of {r,) is indeed profound in that those with very small {r,) (say < 1.184)
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have a robust charge-ordered antiferromagnetic state, which is not affected by
magnetic fields or impurity doping at the B-site {2,3,8]. NdosCaosMnO; with a {ra)
of 1.17 A exhibits a Tco of 240 K followed by a transition to the CE type
antiferromagnetic state on cooling to 150 K and the CO state can be melted on
application of high magnetic fields or doping at the B-site [18]. LagsCagsMnO;
((ra) = 1.198 A) has a T¢ of 225 K and undergoes a transition to the
antiferromagnetic CO state (CE type} at 135 K. This transition coincides with a
change from incommensurate to nearly commensurate charge-ordering [19]. There
is a two-phase narrow temperature regime where the ferromagnetic and CO phases
coexist. Clearly, the (ra) regime between 1.17 and 1.22 A is a complex one with
competing ferromagnetic and charge-ordering interactions. Ndy2sLag 25Cag sMnO;
with a (r,;.) of 1.185 A has been investigated in some detail [20]. This manganate
shows an incipient charge-ordered state below ~ 200 K which becomes unstable on
cooling to ~150 K, with the material undergoing a transition to a charge
delocalized FM state. The transition has been considered to be a re-entrant
transition since the CO insulating state reverts back to a FMM state. This is in a
direction opposite to that normally found in the CMR manganates where a FMM
state goes to a CO AFM state on cooling. It is noteworthy that the AFM
correlations in this manganate are short-range. At the CO-FM transition, there is a
sharp decrease in the electrical resistivity and an increase in the magnetization
characteristic of a ferromagnetic ordering. It appears that two phases exist over a

region of at least 50 K near the transition. The (La,.Nd,) ;..Ca,MnQ; system has
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been studied by Moritomo [21] who finds that the ground state at a fixed x value
changes the FMM state to a CO insulating state with increase in z. He reports an
electronic phase separation which dominates in a wide x-z parameter regime
around the FM-CQ phase boundary. We considered it important to study the nature
of the CO state and the re-entrant ferromagnetic state in the manganates in {ra)
regime 1.17-1.20 A where the competition between the two interaction is
prominent, giving rise to interesting magnetic and electrical properties. In
particular, we wanted to examine the role of {rs) as well as of the site disorder
arising from size mismatch of the A-site cations, on the ferromagnetism and
charge-ordering in these manganates. It is indeed well established that both
ferromagnetic T¢ and the Teo are strongly affected by site disorder [4-6). We were
curious if the same kind of re-entrant ferromagnetic state is evident in the single
crystals of manganates in this (rs) regime. Hence, we tried growing single crystals
of the type NdosiLa,CagsMnQO; by the floating zone technique and were
successful in growmg good quality crystals of NdpzsLag2s5CapsMnQ; and
Ndg 3sLag 15CapsMnQ;. We have also investigated polycrystalline samples of the
two sertes of manganates, Ndp s..L.a,Cap sMnO3 and Prg s«LasCag sMnQ;, with {rs)
values in the range 1.172-1.198A. To understand the effect of size disorder, o°, we
have also examined a series of manganates with a fixed (r,) value of 1.1854
corresponding to NdgzsLag 25CapsMnO;. The study delineates the effects of {ry}
and o’ on the re-entrant ferromagnetic transition in the manganates with {ra)

values in the complex regime of competing CO and FM interactions.
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2.4 'Fe Missbauer spectroscopic studies of charge-ordered rare-earth

manganates

*"Fe Mbssbauer spectroscopy provides a microscopic probe ito investigate
magnetic structure, phase transitions and other properties of transition metal oxide
systems. We would therefore expect Mssbauer spectroscopy to throw light on the
charge ordered manganates. To carry out Mdssbauer spectroscopic studies of rare
earth manganates, we have doped two typical charge ordered systems,
Ndo.sSrosMnO; and NdosCapsMnOs with *'Fe. After ensuring that the small
doping does not change the structure or the phase transitions, we have carried out
’Fe Méssbauer studies as a function of temperature from 300 to 4.2 K. The results
obtained from these studies do indeed throw some light on the charge ordering

phenomena and phase separation in these two systems.

2.5 A study of electron doped manganates, Ca,..Ln,MnO; (x < 0.5)
Investigations of colossal magnetoresistance and related phenomena in the rare-
earth manganates reported extensively in the last few years, by and large, pertain
to solids of the composition Ln,  A,MnO; {Ln = rare-earth, A = Ca, Sr) which
involve hole-doping (x < 0.5). The hole-doped manganates exhibit charge-ordering
particularly when x = 4/8 or 5/8 and the charge-ordering transition is highly
sensitive to the average radius of the A-site cations, (ra) [1,2). Generally, the
charge ordenng transition temperature, Tco, decreases with increase in (ra) unlike
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the ferromagnetic Tc which increases with (ra). Furthermore, the strain arising
from the size mismatch between A-site cations affects the T¢ which generally
decreases with the variance, o, which is the measure of the mismatch between the
A-site cations [4-6]. There has been some interest recently in studying the
properties of electron-doped manganates of the type Ca;TMnO; where T is a tni
- or a tetra - valent cation. These studies [22,23] have shown that electron
concentration determines the magneto-transport properties in these materials,
besides the mismaich between the sizes of the A-site cations. A study of Ca,.
«Bi,MnO; (x = 0.18) has shown the occurrence of charge-ordering accompanied by
a structural transition [24]. We considered it important to investigate charge-
ordering in the electron-doped systems to examine the similarities, if any, with the
hole-doped manganates. For this purpose, we have investigated manganates of the
type, Ca;LnMnO; (Ln = La, Pr, Nd, Gd or Y), in particular the composition
corresponding to x = 0.36 where charge-ordering should be favored. Also, we have
studied the effect of substitution of Cr, Ga and Ge at the Mn site in few of these
electron-doped manganates. The effect of the size mismatch between the A-site
cattons on the properties, mainly the charge-ordering transition of these electron-
doped manganates have also been investigated. For this purpose, we have carried
out studies on two series of electron-doped manganates, C30_04Ln0.36Mn03, with

fixed (rx) values of 1.174 and 1.18 A.
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2.6 Effect of cation size and disorder on the structure and properties of rare
earth cobaitates, LngsAsCo0, (Ln = Rare Earth, A = Sr, Ba)
Rare earth cobaltates of the formula Lng s8rosCoQ5 (Ln = rare earth) are known as
metallic ferromagnets and their electrical and magnetic properties have been
described adequately in the literature [25-27]. The ferromagnetic Curie temperature,
Tc, in these materials decreases significantly with the decrease in the size of the
rare earth ion. The magnetic and electrical properties of the barium-substituted
cobaitates of the formula Lng sBag sCoQOs are different from those of the strontium
analogues. Recent studies show that the bartum-substituted cobaltates exhibit a
insulator-metal transition when the radius of the rare earth ion is small [28,29].
Thus, GdysBapsCoQO; is a charge-ordered insulator, although there are some
differeﬁces in the published reports regarding its electrical properties [28,29].
Structures of the LngsAgsCoQO; (A = Sr, Ba) compounds also vary with Ln and A,
although there aré conflicting structural assignments in the literature, Thus,
Lng 5810 sCoO; have generally been considered to be cubic, although the possible
orthorhombicity has been indicated recently [30]). In the corresponding Ba
compounds, cubic, tetragonal and orthorhombic structures have been assigned
depending on the Ln [28,29]. An examination of the electrical and magnetic
properties of the various rare earth cobaltates, Lig sAgsCoO; (A = alkaline earth),
suggests that the properties are likely to be affected by both the average radius of
the A-site cation and the cation disorder arising from size mismatch. In the

manganates, the size variance has a marked effect on the ferromagnetic properties
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of Lnp7A03MnQ;, but appears to affect charge-ordering in LngsAysMnO; only
marginally {4-6]. We considered it worthwhile to study the structure-property
relations in the cobaltates, Ling sAq sCo(Qs. Hence, we investigated the structures of
several members of the LngsAgsCoQOs family with A = Sr and Ba, based on
Rietveld analysis of powder X-ray diffraction patterns. In order to understand the
dependence of the ferromagnetic Curie temperature of Lng sAg sCoQ1 on {ra) as well
as cation disorder, we have examined the magnetic and electrical properties of
several of these materials. In particular, we have investigated the variation of the
properties of the cobaltates with constant (rx), but variable o*. Two series of
rhombohedral cobaltates of the general formula Lngs.ln'cAq¢sy,A’yCoO; with
constant {ra) values of ~ 1.357A and 1.369A were prepared in order to stﬁdy the

effect of the A-site cation size mismatch on the properties.
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3. Experimental
3.1 Preparation of materials
(a) Polycrystalline materials

Manganates of the composition LngsLn'xAgsyA'yMnO; with (ra) = 1.24 and
1.17 A as well as several manganates of the type LngsAo sMnO; with variable (ra) were
prepared by the ceramic route by heating stoichiometric quantities of the respective rare
earth oxides, MmOy and the carbonates of the respective alkaline earth elements. The
final sintering temperature in the preparations was 1673- 1773 K.

The compositions, Ygs5CaesMn M;0; (M = Al Fe, Co, Ni and Cr),
Ndo sCapsMn M, 3s (M = Al, Ga, Ge, Fe, Co, Ni, Cr and Ru) and Ndy sSrosMn;.
MxOs (M = Al Ga, Ti, Ge, Zr, Fe, Co, Ni, Cr and Ru} with x in the range of 0.0 to
0.10 were prepared by the solid state reaction of the corresponding rare-earth oxide
(from Indian Rare Earths, India), MnO; (from EMerck) and the oxides (Fluka grade) of
the respective substituents. Mn;Os was used as the Mn source to prepare all the
substituted Ndg sSr.sMnO; compositions. Mn;O4 was prepared by decomposing freshly
prepared MnCO; at 1473 K for 12 h in air. The so prepared Mn;O4 was checked for
phase purity before using it as the starting material. The oxides of the dopants used
were AbOs, Ga 03, TiO;, ZrO;, GeO,, Fe;0s, Co304, NiO, Cr;0; and RuQ;. The
mixtures were first heated at 1173 K for 12h in air followed by heating at 1273 K and
1473 K in air for 12h each with intermediate grindings. The final sintering temperature
was in the range of 1673-1773 K depending on the compositions and the starting

materials.
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The electron doped samples, Ca,.«Ln,MnOs (Ln = La, Pr, Nd, Gd and Y) were
prepared by the ceramic route by heating stoichiometric proportions of the respective
rare-earth oxide, CaCO; and Mn304. Initial heating was done at 1173 K, 1273 K and
1473 K for 12h each with intermediate grindings. The final sintering was carried out at
1673 K. Cr,0; was used to make the compositions, CagssLng36Mng.97Cro0303 (Ln = La,
Nd, Gd). Ga and Ge doped Cagc4Pro3sMnQ; derivatives were prepared in the same
manner by employing Ga,0; and GeO,. All the polycrystalline samples, Capga-
SryLng 3sLn'xMnO; with fixed (ra) = 1.174 and 1.18 A were prepared in a similar way
by using the respective rare earth oxides, MnO,, CaCOs and SrCOs.

Polycrystalline samples Ndos«L2xCaosMnOs, Pros.LaxCaosMnO; and Lngs.
L0, Caos,S1,Mn0O; ((ra) =1.185 A) were prepared by the conventional ceramic
method. Stoichiometric mixtures of the respective rare-earth oxides, alkaline-earth
carbonates and MnO; were ground and heated at 1173 K in air followed by heating at
1273 K and 1473 X for 12h each in air. The powders thus obtained were pelletized and
the pellets sintered at 1673 K in air.

Cobaltates of the general formula LngsAo sCoOs (Ln = rare earth, A = Sr or Ba)
were prepared by the ceramic route. Stoichiometric quantities of the respective rare
earth oxides, the carbonates of the alkaline earth elements and cobalt oxide (Coy04)
were ground and prefired at 1173 K for 12 hin air. The powder so obtained was ground
thoroughly, heated at 1273 K for 12 h and the pellets finally sintered at 1473 K. The as-
prepared samples were oxygen deficient {determined using iodometric titration). To

improve the oxygen stoichiometry the samples were annealed in oxygen atmosphere at
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a lower temperature. The temperature for oxygen annealing was determined by
thermogravimetric analysis. The samples were cooled very slowly in oxygen to 573 K
after annealing in oxygen (12-24 hours, depending upon the composition). Two series
of rhombohedral cobaltates of the general formula Lngs.Ln’xAgsyA’yCoOs with

constant {ry) values of ~ 1.357A and 1.369A were also prepared in a similar manner.

(b) Single Crystalline materials

Ndy.25La25Cag sMnOs crystal was grown by the floating zone method using a
commercial Image Fumace (NEC, SC-M35HD). Upper panel of Fig. 3.1 shows the
instrument along with the control panel. The lower panel in Fig. 3.1 shows the inside
view of the crystal growth chamber. This apparatus is equipped with the heat source of
a halogen lamp installed at one focal point of an ellipsoidal mirror. Infra red rays
irradiated from the reflector are converged to the other focal point to heat and melt
samples to thereby form a floating zone. There are two such lamps placed opposite to
each other with the melting zone lying between them. The assembly of the mirrors, the
seed and feed rod holders, tubes for atmosphere control and quartz tube is seen in the
lower panel of Fig. 3.1. The reflectors are water cooled to prevent deformation and loss
of reflectance caused by the lamp heat. The halogen lamp tube is air cooled by a blower
to obtain good halogen cycle and increase the lamp life. The atmosphere in the crystal
rearing unit is shut off from the air in the reflector by the transparent quartz tube and
this enables the kind and pressure of the atmosphere to be controlled. The various

stages during floating zone crystal growth are shown in Fig. 3.2.
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Fig 3.1 Upper Panel: The Floating Zone Crystal Growth Image Furnace with the

control panel. Lower Panel: Inside view of the crystal growth chamber showing
the two reflectors and other parts.
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Fig. 3.3 Picture of the as grown crystal of Ndg2sLag 25Cag sMnO;

108



Chapter 3 Experimental

A stoichiometric mixture of Nd;O3, La;Os, CaCO; and MnO; was ground and
calcined five times at 1373 K for 12h followed by heating at 1473 K for 36h with
intermediate grindings. The powder obtained was mixed with small amount of PVA
(polyvinyl alcohol) as binder, dried and then pressed into rods of 8mm diameter and
9cm length using latex tubes under a hydrostatic pressure of 5 tons. The rods were
sintered at 1723 K for 24h. Two polycrystalline rods of the material (feed and seed)
were employed to grow the crystal. Several trials were made to grow the crystal by
varying the rod diameter, growth atmosphere (gas flow and pressure), rotation rates of
the seed and feed rods and growth rate. Trials to grow NdgssLag 25Caq sMnQ; crystal in
compressed air, nitrogen, nitrogen-oxygen mixture and argon proved futile. Good
quality Ndo 25Lag 2sCan sMnO; crystal (Fig. 3.3) was grown at a feeding speed of 3mm/h
in oxygen pressure (1kg/cm?). Polycrystalline rods of NdyssLag 1sCagsMnQO; were also
prepared in a similar way and the crystal was grown in an atmosphere containing
oxygen and nitrogen in the ratio of 1:10.

(c) Samples for Mossbauer Spectroscopy

Ndo.sCap sMnoes’ Feo 0203 and NdypsSrosMnoss® Feo0:O3 were prepared by the
solid state reaction of stoichiometric quantities of Nd,O3, CaCO3/SrCOs, Mn;O4 and
Fe;03 (99.99% enriched). The mixture was heated at 1173 K, 1273 K and 1473K each
for 12h in air with intermediate grindings. The powder so obtained was pelletized and

sintered at 1673 K for 12h followed by sintering at 1773 K for 12h in air,
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3.2 Characterization and Measurements

The phase purity of the samples was established by recording X-ray diffraction
(XRD) patterns with a SEIFERT 3000TT diffractometer in the 8-0 geometry in the 2-
theta range of 10 to 80 degrees. The polycrystalline samples were thoroughly ground
and spread uniformly on a flat sample holder. The diffraction pattern was checked for
reflections corresponding to impurity phase. The patterns corresponding to single phase
were used to calculate the lattice parameters. Unit cell parameters were derived by least
square refinement of powder diffraction data using the PROSZKI program which
includes LAZY PULVERIX. Substitution at the Mn site does not have much effect on
the structure (orthorhombic) of the manganates studied here. As an example, we show
the diffraction patterns for NdosSrosMn,. AlOs (x = 0.0, 0.01, 0.03, 0.05 and 0.1)
compositions in Fig. 3.4. The diffraction patterns for Pro3¢Cag6aMn;xGa 03 (x = 0.0,
0.01, 0.03, 0.05 and 0.1) are shown in Fig. 3.5. Rietveld analysis of the powder X-ray
data of the rare-earth cobaltates, LngsAqsCoO; (Ln = rare earth, A = Sr, Ba) was
carried out using GSAS software suite [1]. The (r») values were calculated using the
Shannon-radii, r,, for 12-coordination in case of rhombohedral samples and for 9-
coordination in case of orthorhombic ones [2].

The Mn*" content of the samples was determined by redox titration using

standard potassium permanganate and ferrous ammonium sulfate (FAS) solutions. The

[1] A. C. Larson and R. B. Von Drecle, GSAS: General Structural Analysis System: LANSCE, Los
Alamos National Laboratory: Los Alamos, NM, 1994,

(2] R. D. Shannon, Acta Crystallogr., Sect A: Cryst. Phys., Diffr., Theor. Gen. Crystallogr. 32, 751
(1976).
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sample was dissolved in a known excess of FAS solution and the excess Fe’* was
then titrated with potassium permanganate solution. The number of milliequivalents of
iron oxidized by Mn’* and Mn*" was obtained by the difference between the total
milliequivalents of excess iron determined by titration. A blank titration was carried out
with 2 known volume of standard FAS and standard KMnO4 solution. The oxygen
stoichiometry in the cobaltates was deterrhined by iodometric titration by employing
standard sodium thiosulfate solution, potassium iodide, concentrated hydrochloric acid
and freshly prepared 1% starch solution as indicator. The error in oxygen stoichiometry
was * 0.02 and the oxygen stoichiometry in the cobaltates studied by us was generally
within this experimental error.

Small discs were cut out of the as-grown crystal perpendicular to the boule axis,
polished and then checked for phase purity and single domain (X-ray diffraction and
Scanning electron microscope). Energy dispersive analysis of X-ray (EDAX) using a
LEICA S440I machine equipped with ISIS software was employed to ascertain the
elemental composition of few selected samples where reliable data could be obtained.
The electron diffraction pattern for Gdy sBag sCoO; sample was recorded using a JEOL
3010 transmission electron microscope (TEM) fitted with an ultrahigh resolution
objective pole piece.

Electrical resistivity measurements were carried out from 300 to 20 K by the
four-probe method on polycrystalline and single crystalline materials. Data was also
collected during heating cycle to study if there were hysteresis effects in the samples. A
Keithley current source meter and voltmeter was used. The temperature controller used

was from Lakeshore.
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Chapter 3 Experimental

Magnetoresistance measurements were carried out using a cryocooled closed
cycle superconducting magnet capable of attaining a maximum field of 15 Tesla [3].
This magnet was designed by Prof. C. N. R. Rao and Dr. A. R. Raju in collaboration
with Cryo Industries of America, Manchester, NH 03103, Fig. 3.6 shows the view of
the instrument with the accessories.

The magnet consists of a single coil made from reacted multifilamentary Nb;Sn
wound on a stainless steel former and cast in epoxy resin to eliminate wire movement
during energisation. The coil is supplied with a superconducting persistent mode switch
to connect in parallel across the whole magnet and wired to the main input/output
current terminals. Resistive heaters wound into the switch enable the switch to be
either resistive or superconducting. The leads are of 2223 bismuth cuprate high-
temperature superconductor. The magnet can achieve a field up to 15 Tesla and consists
of a room-temperature bore of 52 mm to carry out magnetoresistance and other
measurements from 12 to 500 K. Also, there is an optical window to carry out
measurements under illumination with an appropriate radiation.

Magnetization measurements were carried out using a vibrating sample
magnetometer (Lakeshore VSM 7300) and magnetic susceptibility measurements using
a Lewis coil force magnetometer. The magnetization measurements were always done
in a field of 100 Oe uniess until mentioned otherwise.

Mdossbauer spectra were taken in a constant acceleration drive against a 5

millicurie *’Co source in Rh matrix, over the temperature range 4.2K-300K using a gas

[3] G. Svenconis, L. Ying, A. R. Raju and C. N. R. Rao, Curr. Sci. 77, 574 (1999).
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flow liquid helium cryostat. The absorbers were prepared by spreading a thin layer of
the powder on an aluminium foil and fixing the powder in position using thermally
conducting GE varnish. Before spreading the sample, the sample powder was mixed
with equal amount of LiCO; powder to facilitate uniform spreading of the sample over
the absorber area. Having no Fe, LiCQO; does not give any signal to Méssbauer
spectrum and being low-density material, it acts as filler without significantly cutting
gamma ray counts. The thickness of the sample used was one characteristic thickness
of electronic absorption, which in this case was 19.4 mg of the material/cm’. The
sample diameter was half an inch. The sample on the Al foil was fixed on a copper ring

with half-inch hole using GE vamish.
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Chapter 4 Results and Discussion

4. RESULTS AND DISCUSSION
4.1 Effect of cation size disorder on charge ordering in rare earth manganates,

LngsApsMnQO; (Ln = rare earth, A = alkaline earth)

The manganates with a (rs) of 1.24 A studied here are akin to NdgsSrysMnO;
exhibiting distinct ferromagnetic and charge-ordering transitions both in the magnetization
and resistivity data. In Table 4.1.1 and 4.1.2, the various compositions studied are listed
along with the lattice parameters. Both the measurements have been employed to obtain
Tco values for these compositions. The T¢o data for manganates with (ra) = 1.17 A were
obtained from the minima in the inverse magnetization-temperature plots as well as from
the maxima in d(Inp)/dT" plots. In Fig. 4.1.1(2) and (b), we show the typical magnetic
behavior of the manganates with {ra) = 1.24 A and 1.17 A respectively. The method
employed to determine Tco is also indicated in the figure. In the other LngsApsMnOs
compositions with variable (ry), Tco values were obtained from the magnetization data.

In Fig. 4.1.2, we show the temperature variation of the magnetization and resistivity of
the compositions listed in Table 4.1.1 cotresponding to {ra) = 1.24 A and variable size
mismatch, 6°. The ferromagnetic Curie temperature, T as well as the charge-ordering
transition temperature, Tco decrease with increase in o°. However, for 6® > 0.0058 A? the
samples do not show a clear transition corresponding to Tco both in the magnetization and
resistivity data. The magnetization and resistivity behavior as a function of temperature of

a few selected compositions with {ra) = 1.17 A (Table 4.1.2) is shown in Fig. 4.1.3. The
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Chapter 4 Results and Discussion

anomaly in the magnetization data comresponding to the charge ordering transition is not
prominent in compositions with higher o°.

The variation of Tco with o2 of the Lng.sAqsMnQs series with (ry) = 1.17 A is shown
in Fig. 4.1.4(a). In Fig. 4.1.4(b), we have plotted the Tco as well as the ferromagnetic T¢
values of the manganate series with (ry) = 1.24 A against o>, Although we could properly
characterize the charge-ordered states only in a few members of each series, the data show
discernible trends. The Tco values from electrical resistivity data generally tend to be
somewhat lower than those from magnetization data. In the {(r4) = 1.17 A series, the Tco
values up to a o” of 0.0006 A’, obtained from both the magnetization and electrical
resistivity data, give a slope, p; = 32000 £ 3000 K A This slope is comparable to that
obtained in the metal-insulator transition data in earlier studies [1,2]. For higher values of
o2, there is no statistically significant dependence of Tco on o7 in the manganates of the
(ray = 1.17 A series. Within the accuracy of our measurements, the Tco-0~ slope is less
than 4000 K A when o > 0.0006 A, In effect therefore, for moderate and high values of
6°, Tco appears to be essentially independent of o2, This may be because there may be no
fong-range orbital ordering when (ra) = 1.17 A for ¢° = 0.0006 A2, suggesting that below
this value of o° the dependence of Tco on o reflects the effect of cation size mismatch on
the long-range structural distortion at T¢g. This could also make the transition rather broad

as found in many manganates with (ra) = 1.17 A (see Fig. 4.1.1(b)).

[1] (a) L. M. Rodriguez-Martinez and J. P. Attfield, Phys. Rev, B54, R15622 (1996). (b) L. M. Rodriguez-
Martinez and J. P. Attfield, Phys. Rev. BS8, 2426 (1998).

[2] F. Damay, C. Martin, A. Maignan and B. Raveau, J. Appl. Phys. 82, 6181 (1997).
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Fig. 4.1.1 Temperature variation of (a) the magnetization M of the LngsAsMnQ;: series
with a fixed (ra) of 1.24 A and (b) of 1/M of the manganates of the series with a fixed (ra)

of 1.17 A. Tco is shown by an arrow.
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manganates with a fixed (ra) of 1.17 A.
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Chapter 4 Results and Discussion

Similarly, there is no significant dependence of Tco on o’ in the manganates with (ra) =
1.24 A, unlike the ferromagnetic Tc values in these materials (Fig. 4.1.4(b)). Thus, the
values of T°co and T’ for this series are 174+13 K and 331+13 K respectively and the
corresponding negative slopes, p; are 2840 £ 270 K A and 15000 + 2800 K A2,
For the insulator-metal transition in the manganates, it has been proposed [1,2] that
Tom =T um = p2(r’a - (ra))%, (4.1.1)

where p; is analogous to p;. The value of 1°4 corresponds to that of the ideal perovskite
having maximum T’y value and a perovskite tolerance factor of 1. Oxygen atom
displacements proportional to (1% - {ra)) lead to suppression of T’ through a changing
strain energy. Unlike in metal-insulator transitions, it is difficult to fix the ideal value of
(ra) for the gharge-ordered state. Experimentally, the variation of Tco with (ra) suggests
that the charge-ordered state is favored for small {ra) [3,4], as the bending of the Mn-O-
Mn bond angle and the associated distortion of the MnQOg octahedra facilitate the
localization of separate Mn®* and Mn*" states. If we take the value of 1’4 to be the
minimum observed value of (ra) = 1.127 A, we can describe the Tco data by using an
expression similar to (4.1.1). The variation of T¢p seems to be best described by the curve
in Fig. 4.1.5 with T"co = 260 K and p; = 6900 K A

We have explored the relationship between T and the orthorhombic lattice

distortion index, which is strongly dependent on (ra) or (r°4 - (ra})’. The lattice

[3] C.N.R. Rao and A. K. Cheetham, Adv. Mater. 9, 1009 (1997).
[4) A. Aruiraj, P, N. Santhosh, R. S. Gopalan, A. Guha, A. K. Raychaudhuri, N. Kumar and C. N. R. Rae J.
Phys. Condens. Matter. 10, 8497 (1998).
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Chapter 4 Results and Discussion

distortion index, % D, is defined as

% D =1/3 (T [a-a'l/a;) x 100, (4.1.2)
where a' = (a x b x ¢/¥2)'*. In Fig. 4.1.6, we have plotted the experimental Tco values
obtained for all the manganates studied by us against % D. We see that Tcg does not vary
much, particularly when the distortion is high; the dependence of Tco appears to be

significant at best for smail values of % D.

Conclusions

In conclusion, the present study indicates that the charge-ordering transition in the
rare-earth manganates is not very sensitive to the mismatch between the sizes of the A-site
cations or to the orthorhombic lattice distortion arising from the small cation size. The
decrease 1n th;e charge-ordering transition temperature at high {r) [3,4] is consistent with

the observed quadratic dependence upon (t° - (ra)) where ©°4 =1.13 A.
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Chapter 4 Results and Discussion

4.2 Effect of Mn site doping in rare-earth manganates, Ln;sA,sMnO; (Ln =
rare-earth, A = alkaline earth)

LngsAgsMn, M, 0,

4.2.1 M = Al and Ga: In Table 4.2.1, we list the lattice parameters of NdysCagsMn;.
AlL{Ga)0; compositions. All the materials studied here have an orthorhombic structure
as shown in Table 4.2.1. The powder X-ray diffraction patterns of Ndg sCag sMn, (Al O3
compositions are shown in Fig. 4.2.1, NdysCaosMnO; with a {rp) = 1.17 A is a charge-
ordered (CO) insulator with Tco = 240 K, as evidenced from the broad peak in the
magnetization data (Fig. 4.2.2, x = 0). The effect of substitution of AI** and Ga*" in the
place of Mn>* on the magnetization of this manganate is shown in Fig. 4.2.2(a) and (b),
respectively. It is evident from the graph that the substitution of Al** or Ga®* in the Mn site
of Nd,sCapsMnO; has no significant effect on the magnetization and charge-ordering.
These substitutions do not destroy the charge-ordering as evident in the hump in the
magnetization data in the insets of Fig. 4.2.2. However, there is a slight decrease in the
charge-ordering temperature, Tco. In Ndg sCag sMn; AlOs, the charge-ordering transition
is evident up to x = 0.05, but the feature corresponding to charge-ordering is rather broad
for x = 0.05. In Ndg sCag sMn,;.Ga,0s, the transition is evident up to x = 0.03, but we do
not see such a distinct signature of the transition when x > 0.03. All the Al and Ga
substituted compositions are insulating as the parent compound. Fig. 4.2.3 shows the
typical resistivity behavior of Ndg sCag sMngg7Mo.0303 compositions (M = Al, Ga, Fe and

Ge).
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Table 4.2.1

Properties of Ndy sCay sMn;.,M,0; (M = Al and Ga)

Composition Lattice parameters (3)" Tm Tc Teo
a b ¢ ® ® ®)
Ndy sCap sMn; ALO;

0.00 5401 7.610 5.396 - - 240
0.01 5407 7.627 5.382 - - 237
0.03 5404 7.628 5382 - - 234
0.05 5416 7.601 5378 - - ~222

0.10 5.397 7.599 5.374 - - -

Ndg 5Cag sMn; xGaO;

0.01 5408 7.604 5.388 - - 238
0.03 5405 7.583 5383 - - 233
0.05 5.398 7.606 5.373 - - ~228
0.10 5397  7.595 5.382 - - -

’ Space group: Pnma; Uncertainties in the lattice parameters are within = 0.001 A,
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Fig. 4.2.1 Powder X-ray Diffraction patterns of Ndy,sCag sMn; xAlO3 compositions.
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Substitution of Al and Ga at the Mn site of Ndq sSre.sMnQ; has also been investigated.
In Table 4.2.2, the Ilattice parameters of NdpsSrosMniAlL(Ga)O; are listed.
Ndy.sSro.sMnO; with {ry) = 1.24 A, becomes ferromagnetic and metallic around 260 K and
undergoes a transition to a CE-type antiferromagnetic ordering with concomitant charge-
ordering around 150 K. There is a sharp metal-insulator transition around 150 K.
Substitution of Al in the Mn site of this manganate is interesting. In Fig. 4.2.4, we show
the temperature variation of the resistivity and magnetization of Ndo sSrosMn;ALO;.
Substitution of Al in the Mn site with x = 0.01 slightly increases Tco and decreases Tc
(Table 4.2.2). These changes are in a direction opposite to that of external pressure or
substitution by large A-site cation [1,2]. Substitution of AI’* in place of Mn®" appears to
have a negative pressure effect. When x = 0.03, we do not clearly see any distinction
between Tc¢ ahd Tco in the resistivity data; the x = 0.05 composition is an insulator. When
x = 0.03, T¢ is close to 250 K, but the value of magnetization gradually decreases from
200 K down and it is difficult to pin down a value of Tco. The x = 0.05 and 0.10
compositions show a broad hump in the magnetization data.
The resistivity and magnetization behavior of NdgsSrosMn;.xGaO; is presented in
Fig. 4.2.5. The resistivity anomaly at the antiferromagnetic transition occurs at 136 K
when x = 0.01 although the magnitude of change of resistivity is considerably reduced.
The x > 0.01 compositions are insulating just as other charge-ordered manganates. The

magnetization behavior of Nd, 551, sMn;.«Ga,03 remains the same as that of the parent

[1] Y. Moritomo, H. Kuwahara, Y. Tomioka and Y. Tokura, Phys. Rev. B5S, 7549 (1997).
{21 C. N. R. Rao, P. N. Santhosh, R. S. Singh and A. Arulraj, J. Solid State Chem. 135, 169 (1998).
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Table 4.2.2

Properties of Ndg s8r,sMn;.,M;0; (M = Al and Ga)

Composition Lattice parameters (i\)' Tm Te Teo
a b c (K) K) K)
Ndy sSrpsMn; Al O3

0.00 5426 7.634 5475 249 267 147
0.01 5434 7.627 5473 242 250 165

0.03 5426 7.620 5470 - 247 -

0.05 5422 7.622 5.465 - - -

0.10 5423 7.617 5.466 - - -

Ndy 5819 sMn;.,Ga,0s

0.01 5425 7.633 5472 233 248 143
0.03 5.426 7.630 5473 - 210 -
0.05 5425 7.630 5470 - - -
0.10 5425 7.626 5.471 - - -

* Space group: Imma; Uncertainties in the lattice parameters are within + 0.001 A,
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Fig. 4.2.5 Temperature variation of (a) resistivity and (b) magnetization of Ndy 5Sry sMn;.

xGa,0s. Inset in (b) shows the magnetization for x = 0.05 and 0.10 on an enlarged scale.
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compound when x = 0.01 except that the Tc¢ decreases to 248 K. There is negligible effect
on the Ty (Tco) at ~ 150 K. The value of the saturation magnetization in the ferromagnetic
region, however, decreases to a great extent. The effect of Ga substitution for x = 0.03 and
0.05 is interesting. These compositions show peaks in the magnetization curves around
180 and 145 K respectively. These peaks are reminiscent of the magnetization anomaly
found in Ndg sCao.sMnO; or other charge-ordered insulators (see Fig. 4.2.2). We consider
that these anomalies as due to competition between ferromagnetism and
antiferromagnetism in these compositions. In principle, we could consider the anomalies
as due to charge ordering. If so, the Tco decrease with increasing x. When x > 0.05, we see

no anomaly in the magnetization and the material remains paramagnetic down to 50 K.

4.2.2 M = Cr, Fe, Co and Ni: In Table 4.2.3, the lattice parameters of Ndg.sCaosMn;.
sMxO3 (M = Cr, Fe, Co and Ni) are listed. Substitution of Mn site of Ndg sCag sMnQO; by
1% Cr induces an insulator-metal (I-M) transition around 100 K as shown in Fig. 4.2.6 (a).
The I-M transition temperature, Tim Increases with increase in Cr concentration upto x =
0.03 and thereafter decreases with further increase in the dopant concentration (Table
4.2.3). The resistivity data on Ndy sCag sMn,.<Cr,Q; are corroborated by the magnetization
data (Fig. 4.2.6 (b)). Substitution by Cr’* makes the material ferromagnetic below the
ferromagnetic Curie temperature, Tc that is very close to Tpy. The inset in Fig, 4.2.6 (b)
shows the plot of inverse magnetization as a function of temperature. The dip in the
inverse magnetization data, which is the signature of charge-ordering is present for

compositions up to x = (.05 indicating that low concentration of Cr does not melt the
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Table 4.2.3

Properties of NdysCagsMn;.,M,0;( M =Cr, Fe, Co and Ni)

Composition Lattice parameters (&) T Tc Tco
a b c X) (K) (K)
Ndy.5sCap sMnCrxOs
0.0 5401 7.610 5.39 - - 240
0.01 5425 7595 57382 106 119 238
0.03 5430 7618 5.389 133 140 233
0.05 5409 7.604 5392 131 136 ~202
0.10 5450 7.622 5.339 ~95 147 -
Ndy sCag sMn;.Fe,O;
0.01 5404 7.617 5.393 - - 238
0.03 5409 7.599 5.389 - - 219
0.05 5408 7.619 5.392 - - ~209
0.10 5401 7.612 5390 - - -

Ndp 5sCap sMn; xCoxO3

0.01 5422 7.649 5.372 84 - 236
0.03 5410 7.608 5.385 87 94 225
0.05 5429 7546 5.389 65 90 195
0.10 5418 7.595 5379 51 - -

NdO.ScaO,SMnl-xNix03 .
0.01 5412 7.608 5.385 90 103 236

0.03 5414 7.606 5.380 96 101 221
0.05 5409 7.619 5.381 71 95 -
0.1 5405 7.608 5.376 59 - -

" Space group: Pnma; Uncertainties in the lattice parameters are within + 0.001 &
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charge-ordered state completely. Hence, compositions with x < 0.05 show charge-ordering
at high temperatures and on cooling undergo a transition to a ferromagnetic metallic
(FMM) state.

Fig. 4.2.7 shows the temperature vaniation of magnetization of NdgsCagsMn,.
Fex0;. As evident from the figure, there is no significant effect on the magnetization
when we substitute Mn site with Fe. There is a decrease in magnetization at low
temperature for all substituted materials when compared to the parent manganate,
Ndp sCapsMnQs. Also, the hump like feature in the magnetization data corresponding to
charge-ordering is not very clear for compositions with x > 0.03. All the materials remain
insulating as the parent manganate (see Fig. 4.2.3).

The resistivity and magnetization data of the Ndo sCay sMn;CoxO3 compositions
are shown in Fig. 4.2.8. As Mn®* is progressively substituted by Co™, we observe an I-M
transitibn varying between 50 and 90 K in the x range 0.01-0.1 (Table 4.2.3). The
transition temperature increases slightly and then decreases with increase in x in
agreement with Raveau et al. [3]. The magnetization data show definitive evidence for
ferromagnetism around 90 K only in the x = 0.03 and 0.05 compositions, with the
magnetization increasing sharply around this temperature (Fig 4.2.8 (b)). There is only a
small increase in magnetization in the x = 0.01 and 0.1 compositions. The x = 0.01
composition shows charge-ordering with the T¢o close to that of the parent manganate

(inset of Fig. 4.2.8 (b)) and the T¢o decreases with increase in x (Table 4.2.3). The x =0.1

[3] B. Raveau, A. Maignan and C. Martin J. Solid State Chem. 130, 162 (1997).
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Fig. 4.2.6 Temperature variation of (a) resistivity and (b) magnetization of
Ndy.sCapsMn;.xCryOs. Inset in (b) shows the plots of the reciprocal of

magnetization against temperature to show the Tco.
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Fig. 4.2.8 Temperature variation of (a) resistivity and (b) magnetization of

Ndy sCag sMn;.,Co,Os. Inset in (b) shows the plots of the reciprocal of

magnetization against temperature to show the Tco.
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composition remains paramagnetic throughout, although it shows a broad I-M transition
around 50 K.

The resistivity and magnetization behaviors of Ndg sCag sMn, Ni,O3; compositions
are similar to those of the corresponding Co substituted compositions (Fig. 4.2.9).
However, the Tc and Tco values are slightly higher than those of the corresponding
Ndp.sCapsMn; xCo,O; compositions. The present results on Co and Ni substituted
Nd,p 5Cap sMnQs are comparable to that of Maignan et al. [4], with the difference that these
workers do not report the charge-ordering transition temperature in these manganates.
Maignan et al. employed a magnetic field of 1.45 T, while a field of 100 G was employed
in the present study. The charge-ordering fransition is not easily seen in magnetic
measurements when high magnetic fields are employed. It appears that in both
Ndyg sCag sMn;.xCo,0; and Ndg sCag sMn 4 Ni,O;, ferromagnetic clusters are present when
x > 0.05, although ferromagnetic transitions do not occur. The curious feature of these two
systems is that when x < 0.05, the Tc¢o is higher than the T, unlike in Ndg sSry sMnQ,
where Tc¢ > Tco. The CO state is not entirely destroyed in Ndy sCag sMnQs by substitution
of Cr, Ni and Co.

In Table 4.2.4, the lattice parameters of Ndg sSrosMn, . M,O0; (M = Cr, Fe, Co and
Ni) are listed. The effect of Cr’* substitution on the properties of Ndo s810sMnO; is
indeed marked. Thus, in Ndj sSro sMn;_CrO3, when x = 0.01, there is a slight decrease in
the T¢ but we do not see the resistance anomaly at Tco as in the parent compound (Fig.

4.2.10). The material is metallic below T¢, down to low temperatures. It seems that 1% Cr

{4] A. Maignan, F. Damay, C. Martin and B. Raveau Mater. Res. Bull 32, 965 (1997).
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Table 4.2.4

Properties of Ndg sSry sMn,; ,M,0,( M =Cr, Fe, Co and Ni )

Composition Lattice parameters (3)® T Tc Teo
2 b c X) (K) (K)

Ndy.sSr0.sMn.xCr O3

0.0 5426 7634 5475 249 267 147
0.01 5427 7.638 5476 243 253 -
0.03 5428 7.633 5471 242 244 -
0.05 5425 7635 5472 233 230 -
0.10 5428 7629 5467 210(140)® 216 -
Ndyp.sSro sMn; . Fe,Os
0.01 5424 7637 5.476 2139 240 140
0.03 5426 7.635 5.476 1749 210 160
0.05 5444 7643 5472 - - -
0.10 5428 7638 5475 - - -
Ndp 5Srp.sMn;.xCo,Os
0.03 5425 7.630 - 5.471 201 240 .
0.05 5425 7.630 5.475 ~170 233 -
0.10 5416  7.632 5.468 - - -
Ndo.58rg sMn;«NiO;
0.01 5420 7.633 5.477 219 257 -
0.03 5432  7.633 5473 212 257 -
0.05 5426  7.627 5.469 171 245 -
0.10 5434 7626 5457 - - -

@ Space group: Imma; Uncertainties in the lattice parameters are within + 0.001 A

®) Corresponds to the second hump in the resistivity data.

) Corresponds to the slope change in the resistivity data,
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substitution suffices to destroy the CO state in Ndy sSro sMnQ;. The resistivity behavior of
the x = 0.03 composition is similar and the FMM state occurs down to the lowest
temperature. Such behavior is also found when x = 0.05. When x = 0.1, T¢ appears to be
around 210 K, but there is a slight hump in the resistivity around 140 K in the metallic
regime. The resistivity data of NdgsSrosMn; . CrO; are nicely corroborated by the
magnetization data (Fig. 4.2.10(b)). Accordingly, the x = 0.03, 0.05 and 0.1 compositions
show a ferromagnetic T (see Table 4.2.4) with the sample remaining ferromagnetic down
to 50 K. There is no charge-ordering transition around 150 K, as in the parent compound
(x=0.0).

In the Fe substituted Ndo‘ssro_sMn‘Ch compositions, NdgsSrpsMn,..Fe,O; (Fig.
4.2.11), there is no sharp resistivity anomaly corresponding to charge-ordering when x =
0.01 as seen in the case of the parent compound but only a change in the slope of
resistivity around 200 K. For higher concentration of the dopant, the material becomes
insulating. The magnetization behavior of Ndp sSro sMn;.Fe O3, when x = 0.01 is similar
to the parent manganate, but there is a decrease in the magnitude of magnetization and the
Tc. The x = 0.03 and 0.05 compositions show a hump in the magnetization as seen in the
case of analogous Ga substituted compositions (Fig. 4.2.5). These peaks are reminiscent of
the magnetization anomaly found in NdgsCagsMnOs or other charge-ordered insulators
(see Fig. 4.2.2). We consider that these anomalies as due to competition between
ferromagnetism and antiferromagnetism in these compositions.

The temperature variation of resistivity and magnetization of Ndg sSrg sMn;xCo,O3

is shown in Fig. 4.2.12. The x = 0.03 composition shows metallic behavior below 200 K in
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Fig. 4.2.11 Temperature variation of (a) resistivity and (b) magnetization of Ndg sSro sMn,.

«Fex0s. Inset in (b) shows the magnetization for x = 0.05 and 0.10 on an enlarged scale.
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Fig. 4.2.12 Temperature variation of (a) resistivity and (b) magnetization of Ndp sSrsMn,.

xCO,(OJ.
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Fig. 4.2.13 Temperature variation of (a) resistivity and (b) magnetization of Ndo sSro sMn;.

xNixoj .

150


http://Ndo.5Sro.5Mn1

Chapter 4 Results and Discussion

the resistivity data, but there is a slight increase below 100 K. The magnetization data
shows a lowering in the ferromagnetic Tc to ~ 240 K (Table 4.2.4), and we find no
evidence for antiferromagnetism at lower temperatures. When x = 0.5, the material
exhibits metal-like resistivity below 170 K and a broad maximum in the magnetization
around this temperature. This composition does not show a sharp ferromagnetic transition.
When x = 0.1, the material is a paramagnetic insulator throughout.

Fig. 4.2.13 shows the resistivity and magnetization as a function of temperature of
Ndy sSro sMn;.(NiO; for values of x ranging from 0.01 to 0.1. When x = 0.01 or 0.03, we
see no evidence for charge-ordering in the resistivity data and the matenial remains
metallic down to the lowest temperature, below the I-M transition. The I-M transition
temperature, however, is substantially lower than that in the parent compound (Table
4.2.4). Accordingly, the magnetization data show the ferromagnetic T¢ to be lower in the x
= 0.01 and 0.03 composition (see Fig. 4.2.13 (b) and Table 4.2.4). There is a decrease in
magnetization in the x = 0.01 composition around 140 K, but this is unlikely to be because
of charge-ordering as there is no concomitant increase in resistivity around this
temperature. When x = 0.05, there is 2 metal-like resistivity behavior below 175 K, but the
magnetization only shows 2 broad maximum without evidence for an antiferromagnetic
transition. The ferromagnetic transition is also not sharp. When x = 0.1, however, the
material is a paramagnetic insulator from 300 K down to the lowest temperature studied.
The main difference between the Co and Ni substituted Ndg sSrp sMnO, compositions are
in the low temperature resistivity behavior. When x = 0.03, the material is metallic down

to low temperatures in the Nt case, but not so in the Co case. Ferromagnetism is found
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only in x = 0.03 in both Ni and Co systems and charge ordering is absent in all the
compositions with x > 0.0.

Why substitution of Cr, Co and Ni in place of Mn destroys the CO state in
Lng sAgsMnO; is worthy of comment. It is unlikely to be due to the disorder created by
such substitution. Otherwise, substitution of Mn by Al** or Fe** should also have given
rise to I-M transitions. The effect of substitution by Cr’*, Co®* and Ni** must have an
electronic origin. Cr’* has the same electronic configuration as Mn** (tzg3 ego). It is possible
that when Cr’*is in the Mn®" site, there is some electron hopping between Mn** and Cr**
sites which triggers electron exchange between the Mn’* and Mn*" sites. The Co®* and
Ni** jons, in the low-spin states have empty eg orbitals, the electronic configurations being
tz,;‘seg0 and t,,'¢,' respectively. The presence of an empty e, orbital in the substitutent ion
seems 10 be necessary to destroy the CO state. We must recall that Fe’™ has the
configuration tggsegz and would not favor electron jumping as Cr’**, Co®* and Ni** ions. We
suggest that the eleciron jump between the substitutent transition metal ion with empty e,
orbital and Mn®* ion may be the initial condition for the melting of the CO states in these
materials. In the foregoing discussion, we have assumed that both Co and Ni are in the 3+
state. If they occur in the 2+ state there would be a proportionate conversion of Mn® to
the 4+ state. It is not clear why such oxidation states would affect the CO states of the
manganates. The present results are consistent with the 3+ state of both Co and Ni.

We have also investigated the effect of substitution of the above mentioned
substitutents in the Mn site of Y;35CapsMnQ;. In Table 4.2.5, the lattice parameters of

Yo.sCap sMn; M;O3 (M = Cr, Fe, Co and Ni; x = 0.0, 0.03) are listed. Yo.5Cay sMnQ; with
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Table 4.2.5

Properties of Y 5CagsMn; ,M,0; (M = Al, Cr, Fe, Co and Ni)

Composition Lattice parameters (A)’ Tco
a b ¢ (K)
Yo.5CapsMnO; 5.537 7.443 5.295 260

YosCaosMngorAlp030s 5497 7.443 5294 -
YosCapsMngorFeposO:  5.509  7.450  5.296 -

Yo.5Cag sMngp 97Crp 0303 5.495 7.451 5.301 -
Yovscao‘sMno,97C00_o3O3 5.505 7.449 5.296 -
Yo‘scao,sMI]o,97Nio_o303 5.502 7.456 5.291 -

* Space group: Pnma;, Uncertainties in the lattice parameters are within  0.001 A.
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Fig. 4.2.14 Temperature variation of resistivity of Yy sCag sMng 97Mp0303 (M = Al, Cr and

Fe). Inset shows the data for Gdy sCag sMng osMg0303 (M = Al and Cr).
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Chapter 4 Results and Discussion

a {ra) = 1.13 A is a charge-ordered insulator and does not show ferromagnetism at any
temperature [5]. Even pulsed magnetic field of 100 T is not able to induce a I-M transition
in this manganate [6). In Fig. 4.2.14, we show the variation of resistivity of
Yo.5CagsMng 97Mg 0303 (M = Al, Fe and Cr) as a function of temperature. We see that there
is almost no effect of such substitution on the resistivity of Yo sCagsMnQ; for all M
mentioned above. A decrease in the extent of substitution to x = 0.01 or an increase up to x
= 0.1 showed no difference in resistivity behavior (Table 4.2.5). We found a similar resuit
with Gdo.sCao.sMnO; (see inset of Fig. 4.2.14), where substitution of AI** or Cr’* for Mn®**
had no effect on the resistivity. Thus, both Y sCagsMn..McO3 and Gdp sCapsMn . M0O;
compositions remain insulating from room temperature down to the lowest temperature for
M = Al, Cr, Fe, Co and Ni. The magnetization data of the substituted compositions do not
show a clear indication of charge-ordering. This extraordinary behavior of Yy sCag sMnQ;
and Gdy sCag sMnO; towards B-site substitution could be attributed to the rather small {rs)

(< 1.15 A) of these two manganates.

4.2.3 M = Ge, Ti and Zr: In Table 4.2.6, the lattice parameters of Ndg sAg sMn.MO3 (A
= Ca, Sr; M = Ge, Ti and Zr) are listed. Substitution of Ge on the Mn site of
NdysCapsMnQO; does not affect the charge ordering transition to a great extent

(Tabled.2.6). Thus, in Ndj sCag sMn;.GeyO; there is a clear indication of charge ordering

[5] A. Arulraj, R. Gundakaram, A. Biswas, N. Gayathri, A. K. Raychaudhuri and C. N. R. Rao, J. Phys.
Condens. Matter 10, 4447 (1998).

(6] (a) M. Tokunaga, N. Miura, Y. Tomioka and Y. Tokura Phys. Rev. BS7, 5259 (1998). (b) M. Tokunaga,
N. Miura, Y. Tomioka and Y. Tokura, Phys. Rev. B60, 6219 (1999).
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Table 4.2.6

Properties of NdysA¢sMn, M, 0;( M = Ge, Ti and Zr )

Composition Lattice parameters (8)° Ty Tc Teo
a b c (X K) X)
Ndy.sCap sMn; xGexOs
0.0 5401 7.610 35.396 - - 240
0.01 5407 7.596 5.387 - - 238
0.03 5410 7.605 5.391 - - 239
0.05 5399  7.604 5.387 - - 237
0.1 5408 7.611 5392 - - -
Ndp sSrg.sMn.xGexOs
0.0 5426 7634 5475 249 267 147
0.01 5429 7.629 5471 244 249 127
0.03 5425 7.629 5474 230 237 -
0.05 5424 7.630 5475 ~145 233 -
Ndo sSro.sMn) xTi,O3
0.01 5430 7.625 5466 245 259 130
0.03 5430 7.631 5469 224 245 -
0.05 5460 7.620 5.466 192 229 -
0.10 5437 7.660 5479 71 - -
Ndo.sSrg sMny.xZryO3
0.01 5455 7.637 5472 239 ~256 -
0.03 5429 7.656 5470 ~165 ~252 -
0.05 5434 7661 5471 ~159 - -

"Uncertainties in the lattice parameters are within + 0.001 A.
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Fig. 4.2.15 Temperature variation of magnetization of (a) NdysCag sMn;.,Ge, O3 and (b)
Pro.64Ca0.36Mn1.xGeOs. The insets are the plots of inverse magnetization as a function of

temperature to show the charge ordering transition.
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upto x = 0.05 (Fig. 4.2.15 (a)). All the Ge substituted compositions are insulating just as
the parent compound.
Damay et al. [7] have studied the effect of substitution of Ga on Pry¢Cap4MnO;
and found that such a doping not only destroys charge-ordering but also induces a
transition from an antiferromagnetic insulating state to a ferromagnetic metallic state at
low temperatures. We have examined the effect of Ge substitution on the properties of
Pro.64Cag 36MnOs. In PrggsCagi6Mn;.GeOs, even a small concentration of Ge (x = 0.01)
destroys the charge ordering (Fig. 4.2. 15 (b)). With increase in x, there is an increase in
the ferromagnetic component at low temperatures (T < 120 K). The parent manganate (x =
0.0) generally shows the presence of ferromagnetic clusters at low temperatures, but the
size of these clusters or domains appears to increase substantially on substitution with Ge.
This effect was not evident on substitution of Ge in Ndy sCagsMnQO;. All the Ge-doped
Pry.64Cag 36MnQ; compositions are insulating down to 70 K just as the parent compound.
In Ndq.sSrosMn;xGeOs, the x = 0.0l composition shows an electrical resistivity
behavior similar to that of the parent manganate (x = 0.0) with a reducedlmagnitude of the
change in resistivity at the metal-insulator transition. When x > 0,01, the materials show
broad insulator-metal transitions (Fig. 4.2.16 (a)). The magnetization behavior of x = 0.01
composition is similar to the parent manganate, with a lowered Tc, When x > 0.01, there is
no transition corresponding to antiferromagnetic ordering as in the parent compound,

but a ferromagnetic transition persists even up to x = 0,10. The ferromagnetic Curie

[7] F. Damay, A. Maignan, C. Martin and B. Raveau J. Appl. Phys. 82, 1485 (1997).
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temperature, T, decreases with increase in x (Table 4.2.6).

Substitution of Ti in the Mn site of Ndy.sSrgsMnO; also shows interesting magnetic
and electrical transport behavior. In NdgsSrosMn;Ti, O3, the x = 0.03 and 0.05
compositions remain metaliic from 200 K to low temperatures while the x = (.1
composition is an insulator down to 70 K (Fig. 4.2.17 (a)). Progressive substitution of Ti
decreases the Te up to x = 0.05 and the x = 0.1 composition does not exhibit
ferromagnetism down to low temperatures (Fig. 4.2.17 (b)). The charge-ordering transition
is seen only in the x = .01 composition {Tcp = 130 K, see Table 4.2.6). Clearly, charge-
ordering is destroyed by Ti substitution (x > 0.01), although the ferromagnetism is not,
suggesting thereby that charge-ordering is more sensitive to such disorder effects. Effect
of Zr substitution in the Mn site of NdgsSrpsMnQ; 1s similar to that of Ti substitution
except that we do not see charge-ordering even for x = 0.01, probably because of the
larger size of Zr (Fig. 4.2.18). The ferromagnetic Tc decreases with increase in Zr content.

Insulator-metal transitions are seen in these materials around 170 K, up to x = 0.05.

4.2.4 The extraordinary effect of Ru substitution: Unlike the substitutents mentioned
so far, substitution of Ru*" in place of Mn*" has marked effects on the properties of
Ndp sCapsMnO; and Ndy sSrosMnO; (Table 4.2.7). Fig. 4.2.19 shows the powder X-ray
diffraction patterns for the Ru substituted Ndo sSrpsMnO; materials. In Fig. 4.2.20, we
show the magnetic susceptibility and resistivity data of Ndy sCay sMn,_xRu,Os. Substitution
of Mn by even 1% Ru makes the substance ferromagnetic with a Tc at 135 K (Fig. 4.2.20

(a)). Increase in Ru content progressively increases the Tc, giving a Tc of 240 K when x =
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Table 4.2.7

Properties of NdysAgsMnyRu03;( A = Ca, Sr)

Composition Lattice parameters ()® T Tc Tco
d b ®) (K)
Ndg sCag sMn;.Ru,O;
0.01 5404 7.635 5404 130 135 230
0.03 5417  7.629 5.391 149 157 217®
0.05 5423 7619 5394 149 202 .
0.10 5411 7.634 5.402 . 240 .
Ndo.sSro sMn ., Ru,O;
0.01 5418 7.628 5470 263 274 .
0.03 5425 7631 5472 ~279 283 -
0.05 5434 7.642 5469  ~284 290 .
0.10 5444  7.660 5475 - ~300 ;

®) Uncertainties in the lattice parameters are within + 0.001 A.

® Tco obtained from the slope change in 1/x, versus T plot.
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Fig. 4.2.19 Powder X-ray diffraction pattems of Ndy sSry sMn; Ru, (03 compositions.
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0.1. This value of Tc is close to that of Ndg sSrosMnQO;. The material becomes metallic at
T < Tc in all the compositions. The progressive increase in T¢ with substitution of Ru is
similar to the effect of intemal or hydrostatic pressure on LajsAe3MnO; [2,8], probably
involving an increase in the Mn-Mn transfer integral or Mn-O-Mn angle. It must be
underscored, however, that the ferromagnetic metallic state is favored by Ru substitution
also because of its right electronic configuration to render the matenal ferromagnetic and
metallic. We recall that SrRuQ; is a metallic ferromagnet. Furthermore, Ru** surrounded
by Mn™", is favorable for electron exchange. The susceptibility data also indicate the likely
presence of clusters which may be Ru-rich when x is large. A comparison of the effective
magnetic moment (L) above Tc with the spin-only value (assuming a low-spin
configuration (tgg4eg°) for Ru**) shows that a distribution of the magnetic clusters may be
present. With the increase in the Ru content, the p.g of the system decreases.

The resistivity data of Ndo sCag sMn;.\Ru,O; in Fig. 4.2.20 (b), shows that
in the x = 0.01 composition an I-M transition occurs at 130 K, close to the T¢ of the
material. The Ty increases up to x = 0.05, but the transition also becomes broad. The
transition at x = 0.1 is a little broad, but the maximum is at a lower temperature than for x
= (.05. It is noteworthy that the Ty, does not increase with x like the Tc. It is not entirely
surprising that the transport properties are affected to a greater extent by inhomogeneities
and impurities than the magnetic properties. The difference between Tc and Ty increases

with x, possibly as a result of the presence of Ru-rich/poor clusters or small domains. The

[8] H. Y. Hwang, T. T. M. Plastra, S.-W. Cheong and B. Batlogg, Phys. Rev. B52, 15046 (1995).
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drastic effect of Ru doping above a critical concentration (3%) on the resistivity may
imply that the carrier hopping involves quasiparticles such as magnetic polarons, which
spread over a few lattice units. Of all the substitutents, both non-transition and transition
ions, Ru* is the most effective in melting charge-ordering in NdysCapsMnOs;.
Magnetoresistivity measurements show that at 1% Ru doping, the MR in the T¢ (T)
region is 95% at 5 T. This value of CMR in an otherwise charge-ordered insulator is
noteworthy.

In Fig. 4.2.21, we show the effect of substitution of Ru* in the B-site of
Ndo sSro.sMnO;. While the other tetravalent ions like Ti**, Zr** and Ge** substitution lower
the T¢ and destroy the charge-ordering, Ru substitution increases the T¢ up to x = 0.10, the
Te occurring above the room temperature in the x = 0.10 composition. Charge-ordering is
destroyed by Ru** doping and instead a broad insulator-metal transition occurs around 165
K for 0.01 < x £ 0.1. The Tim does not vary significantly with x unlike the T¢ (Fig.4.2.20
(b)). Magnetoresistivity measurements (5 T) on the x = 0.01 composition show ~ 28% MR

around 260 K (T¢) and 55% MR in the 20-60 K region (Fig. 4.2.22).

Conclusions

The present investigations of the effect of substitution of the B-site of the haif
doped rare earth manganates with different average A-site radius shows that it is possible
to melt the charge-ordered state in these manganates by such a substitution. The sensitivity
of the charge-ordered state in the manganates, Lng sAysMnQ; depends on (ra) value as

well as the substitutent ion.
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Chapter 4 Results and Discussion

The charge-ordered state in the manganate Yo sCagsMnO; ({ra) ~ 1.13 A) is very
robust and there is no effect of any substitutent on the magnetic and electrical transport
properties of this manganate. Nd; sCag sMnO; with (rs) = 1.17 A, on the other hand shows
interesting properties on substitution with various transition and non-transition metal ions.
Substitution of Al, Ga, Ge and Fe does not affect the properties of Ndy sCap sMnO; much.
Substitution of Cr, Ni, Co and Ru introduces an insulator-metal transition in the compound
and the material shows ferromagnetism. However, low concentrations of these metal ions
do not destroy the charge-ordering completely (Fig. 4.2.23) and the ferromagnetic state in
these substituted compositions appear to be re-entrant in nature (see Section 4.3) Teo > Te.
The ferromagnetic and charge-ordered phases seem to coexist in the temperature range
between the Teo and Te.

Substitution of Cr, Co, Ni and Ru at the B-site induces ferromagnetism in
Ndp sCao sMnQO;, the best effects being observed with Ru substitution. The ferromagnetic
transition temperature, T, increases with the increase in Ru substitution unlike that of Cr,
Co or Ni.

The properties of Ndg sSrosMnOs ({ra) = 1.24 A) are affected to a greater extent by
substitution at the B-site by different ions. Even the substitution of the non-transition
metal ions such as Al, Ga and Ge changes the properties of this manganate. Substituion of
Al, Fe and Ga makes the material an insulator and the material seems to behave more like
other charge-ordered insulators with smaller {r,) like Ndg sCagsMnOs. Substitution of Cr,

Co, Ni and Ru makes the matenal ferromagnetic and metallic. Ru substitution gives the
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Chapter 4 Results and Discussion

best result and increases the ferromagnetic T¢ to room temperature due to its unique
electronic configuration that facilitates electron hopping.

The presence of empty e, orbitals in the substitutent transition metal ion appears to
be necessary for destroying the charge ordered state in the rare earth manganates,
LngsA¢sMnQO;. Also, such substitution effects delineate the different types of charge

ordered states caused by differences in the average size of the A-site ions.
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4.3 Re-entrant ferromagnetic transition in the rare-earth manganates,

LngsAysMnQO;, with small A-site cations

The temperature variation of magnetization and resistivity of a single crystal of
Ndy 25Lag 25Cap sMnOs are shown in Fig. 4.3.1(a) and (b) respectively. There is a change in
the saturation magnetization of the single crystal based on its orientation to the applied
magnetic field. The ferromagnetic T¢ of the sample is around 160 K. The inset in Fig.
4.3.1(a) shows the inverse magnetization of the single crystal as a function of temperature
to show the charge ordering transition around 200 K. Fig. 43.1 (b) shows the electrical
resistivity of the single crystal in fields of 0, 1, § and 10 T. The material shows an
insulator-metal (I-M) transition around 150 K (Fig. 4.3.1 (b)). Application éf a magnetic
field decreases the resistance of the crystal and the I-M transition occurs at a higher
temperature in an applied magnetic field as in the case of CMR manganates. These results
confirm that the Tco > T in a single crystalline sample just as shown earlier by Arulraj et
al. [1} in the case of polycrystalline sample. The I-M transition is higher in the case of the
single crystal when compared to that of the polycrystalline sample.

In Tables 4.3.1 and 4.3.2, the lattice parameters of Lng s.xLayCagsMnQ; (Ln = Nd,
Pr) and Lny 5,Ln'xCag 5.,S1,MnO; ({ra) = 1.185 A) compositions are listed. -The powder X-
ray diffraction patterns of a few compositions of Ndg s<LaysCaysMnO; are shown in Fig.
4.3.2. In Fig. 4.3.3(a), we show the temperature variation of the magnetization, M of the

Ndy sxLa,Cay sMnO; series of manganates. The material becomes ferromagnetic even for

[1] A. Arulraj, A. Biswas, A. K. Raychaudhuri, C. N. R. Rao, P. M. Woodward, T. Vogt, D. E. Cox and A.
K. Cheetham, Phys. Rev. B57, RB115 (1998).
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]
100

Ndop.25Lag 25Cag sMnQs in different orientations to the applied magnetic field. The plot of
inverse of magnetization as a function of temperature in the inset shows the charge
ordering transition. (b) Temperature variation of resistivity of single crystal of

Ndp 25Lan 25Cag sMnOs in applied magnetic field of 0, 1, 5 and 10 Tesla.

173



uonisodwoo siyy ul Ny 0) spuedsauio)
Y 100°0 F UIjitam oie sisjpwrered 2118 oY) ui sanuieysaoun) ‘ouug :dnosd aoodg ©

- el §7¢ LIY'S 6£9°L gIv'S £000°0 861°1 tQUNS Y2 te T
9Ll - LLT LIV'S 6¥9°L 9Ip'S ¥000°0 €61°1 COUNS CeDv e 0PN
891 rET $81 cor'S §99°L LIPS £000°0 611 CQUNE 0B 0R ol O3]
SSI 97T SST RIP'S SE9°L 9It'S ¥000°0 0611 EQUINS C D E0RTSIOPN
34 LET 0S1 10¥°S LS9L €I¥'S 7000°0 6811 LQUNS te)sT 0TS0
44! we 9¢1 €Iys LEYL LIY'S $000°0 L3T'] COUNS Ot e OPN
9¢1 6€T 8¢€1 o' LY9L 1S 2000°0 6811 LQUNS 0S8 01
LEL 6€T LTl 01t'S 9¢9°L 91¥°¢ $000'0 S81°1 EQUIAIS 0B )ST 0RTSTOPN
§TI LET 811 vOr'S £€9°L 60b°S £000°0 8’1 EOUNS e DT R E 0PN

- SET @VS1~ 16€°S 0£9°L 10t°S 00000 S6L1'1 QU DS ig

S1I~ S~ 811~ 0r'S 1€9°L yov'S £000°0 6L1'1 COUNS PR DS 0RTSTOPN
001~ SYT~ - L6E'S £09°L 00¥'s 70000 LLT'T COuUNW* e 0e TV OpN

- V) 74 - 9LES 68S°L 76€°S 100070 TLL'T LOUN* %D PPN
%)) oD D) ° 1 ¢ ¢Y) ) uonisoduio)

dy 03y o1 e(y) 1912urered 2on78] 0 V1)

(1d ‘pN = u) fQUI e e 5 0uT Jo santadoad pue aanjonng

'ty 2lqeL

174



Y 100°0 F ulynm 21e siojawreied 20me| 9Y) UL SOUUTRMII() ‘Pl dno.s sovdg

8L 07T 6L [£1] 28 §2° 0 134 AN $600°0 CQUNEE01GLT 0T OpNEOPD)
€01 122 SOL 86£°C oL 10¥'¢ 1£00°0 LOUN S lagst te T owgE OpN
801 8¢l SOL 80¥°S 9¢9°L viv's 8000°0 EQUINS 0B )SE OpS10Wg
Lel 6€£C L7l 01v's 9¢9°L 91y'S ¥000°0 EQUN S 0BDST0RTSTOpN]
9tl 6¢C 8t 01v'S LY9'L L1¥'S 2000°0 EQUNS 0e ST dpSE ol
D 920 ()] 2 a ¢ ;Y) uonisodwo)

4y 001 21 (y) 1erpwiesed 2oure| o

YSSI'TJo (Y1) paxy & gim mO..Eh..mh-m.eaon._.u.a-m.e.ﬁ Jo sapaadoad pue aanpdnyg

TeErllqelL

175



S Space group: Pnma x =0.35

(202)(040)
{321)(123)

20) (022)

)

101){020)
(004) (242)

| ; L (f

x
1
-
w
S

212) (230)

(
(132)

x=0.25

x=0.20

x=0.15

-
—
-
-
—
-
)

N
o
W
-
B
o
O
o
)]
o
~J
o

26 (degrees)CuKa

Fig. 4.3.2 Powder X-ray diffraction pattemns of Ndg s.xLa,Cay.sMnQ; compositions.

176


file:///uiinpi

Chapter 4 Results and Discussion

x = 0.15. The ferromagnetic Curie temperature, Tc, as well as the saturation magnetization
of the material increase with increase in x from ~118 K for x = 0.15 to 177 K when x =
0.4. The plot of inverse magnetization Vs temperature in the inset of Fig. 4.3.3(a) shows
how the charge-ordering transition temperature, Tco, as evidenced from the broad
minimum in the curve varies with x. The Tco of 240 K for the x = 0.0 composition
changes only slightly as the x value is increased to 0.35. We show the electrical resistivity
data of Ndg s..La,CagsMnQ; in Fig. 4.3.3(b), to demonstrate the effect of substitution of
La in place of Nd. The x = 0.0 composition is an insulator down to low temperatures. As
the value of x is increased, an insulator metal (I-M) transition manifests itself. The I-M
transition temperature, T, increases with x from ~100 K for x = 0.1 to 176 K when x =
0.4. The I-M transition temperature is close to the ferromagnetic Curie temperature, Tc.

The magnetic and electrical properties of the Pros..La,CaosMnO; series of
manganates are shown in Fig. 4.3.4. Here again, the material becomes ferromagnetic on
substitution of La in place of Pr, with the T¢ varying from 138 K for x =0.15to 185K for
X = 0.35. The inset in Fig. 4.3.4(a) shows how the Tco varies with x in this series of
manganates. The resistivity data in Fig. 4.3.4(b) show that the I-M transition temperature,
corresponding to the peak in the resistivity-temperature curve, T,, increases with increase
in x just as in the case of the Ndo_s..xLaxCao_sMn03 system, with the T, values lying close to
those of Te.

In the Ndos.«La,CaosMnQO; and Prys..LayCagsMnO; series of manganates (Table
4.3.1) studied by us, the ferromagnetic transition occurs below the CO transition just as in

Ndy 2sLao2sCap sMnOs. This is unlike the situation in the manganates with (r,) >1.20 A,
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Chapter 4 Results and Discussion

where T¢ is almost always greater than Tco. We have plotted the T¢ and Teo values as
well as the I-M transition temperature, Tp, against {ra) in Fig. 4.3.5. The T¢ increases with
increase in (ra) as expected. The CO transition temperature, Tco, does not vary
significantly with (rs) in this regime. When (ra) is slightly higher, say 2 1.19 A as in
Lag 5Cag sMnO;, the CO transition occurs below the FM transition. In other words, the Tco
- (ra) and Tc - {ra) curves intersect around a (ra) of 1.195 A. This would mean that the
nature of the ground state changes across this {ra). This is indeed a fascinating feature of
the rare earth manganates. Depending on the (rs), the CO or the FM state can be the
ground state giving rise to Tco > Tc or Tc > Tco behaviour. That there is a critical cross-
over point around (r,) = 1.195 A is noteworthy.

NdgsCapsMnQO; has been found to exhibit ferromagnetic excitations at low
temperatures even in the AFM regime [2], eventhough it has been considered to be a pure
CO material [3]. In Ndg25Lag25CaosMnO;, there would be a coexistence region between
the Tco (~240 K) and the T¢ (~140 K). A simtlar coexistence region is known to occur in
Lag sCag sMnQOs. The temperature range of the coexistence regime appears to decrease with
the increase in x in Ndgs.LaCaosMnOs, accompanying an increase in {r,), as can be
surmised from Fig. 4.3.5. Moritomo [3] found the so-called phase separation regime in
Ndy 5.xLaxCapsMnOj3 in the composition regime of x = 0.2-0.5. The systems studied by us
(Table 4.3.1) are, by and {arge, in this regime, although we find the Tco > T¢ behaviour in

a wider composition regime (0.1 < x < 0.5).

[2] P. Murugavel, C. Narayana, A. K. Sood, S. Parashar, A. R. Raju and C. N. R. Rao Europhys. Lett. 52,
461 (2000).
[3] Y. Moritomo, Phys. Rev. B60, 10374 {1999).
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One may suspect that the results discussed above are partly from site disorder. It is
to be noted, however, that in the manganates smdied (Table 4.3.1), the value of o isin the
range of 0.0001 - 0.0004 A%, We can, therefore, consider the observed variation in T¢ and
Tco in Fig. 4.3.5 to be as almost entirely due to the effect of {ra). In order to examine the
effect of size mismatch on the magnetic and electrical properties, on the re-entrant FM
transition, we have studied a series of manganates with a fixed (ra) value of 1.185 A
(Table 4.3.2). We show the temperature variation of magnetization and electrical
resistivity for these manganates in figures 4.3.6(a) and 4.3.6(b) respectively. It is
remarkable that the saturation magnetization as well as the T¢ decrease markedly with
increase in ¢ as shown in Fig.4.3.6 (a). Thus, the T¢ of 138 K for o’ = 0.0002 A?
decreases to 79 K for o? = 0.0055 A%, Accompanied by this change, we also see a decrease
in the temperature corresponding to the I-M transition, T}, from 136 K for o’ =0.0002 A?
to 78 K when o = 0.0055A% It appears that the re-entrant ferromagnetic transition can
entirely be suppressed by increasing o’ sufficiently around an {rs) of 1.19 A. The variation
of inverse magnetization as a function of temperature shown in the inset of 4.3.6(a) shows
how Tco decreases slightly with increase in ¢~

In Fig. 4.3.7, we have plotted the variation of Tc (T,) and Tco against o for the
series of manganates \Ivith a fixed (1) of 1.185 A. There is a fairly good linear refationship
of T¢ (Tp) and Tco with 6. The Tc (T,) - ¢ plot has a slope of 10000 + 2600 K A with
an intercept (T°c) of 132+ 7 K. The Tco - ¢° plot has a slope of 4110 + 870 K A2 with an
intercept (T'co) of 240 + 2 K. The T’ and T%g values represent the experimental

estimates of the ideal ferromagnetic and charge ordering transition temperatures that
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would be observed in the manganates with (ra) of 1.185 A in the absence of size
| mismatch. We have carried out studies on a few manganates with a fixed (ry) of 1.189 A
and find that the variations of Tc and Tco with o in this series follow trends similar to
those in Fig. 4.3.7. Thus, for o” values of 0.0007 and 0.0030 A? (for (ra) = 1.189 A), the
T¢ values are 136 and 68 K respectively while the corresponding Tco values are 230 and
220 K. The estimates of T’ and T co found by us for (rp) of 1.185 A are in line with the
results of earlier studies on the LngsAysMnO; systems with different fixed {(r,) values
(4,5, (Also see Section 4.2.1 of this thesis)]. Thus, the value of T’ for fixed (rs) value of
1.24 A is 331 = 13 K and the corresponding value of the slope is 15000 + 2800 K A2 The
T’co value for a fixed (ra) of 1.24 A is 174 + 13 K with a slope of 2840 + 270 K A% The

values of the slopes and the intercepts appear to be greater in a bonafide ferromagnet with

large (ra).

Conclusions

A series of rare earth manganates with an average A-site cation radius, {r,), in the
range 1.17 - 1.20 A where charge ordering and ferromagnetism are competing interactions,
has been investigated. These manganates show charge ordering around 240 K and become
ferromagnetic and metallic on cooling, characteristic of a re-entrant behaviour.

Interestingly, the plots of Tco and Tc against (ra) intersect at a value of 1,195 A, indicating

(4] (a) L. M. Rodriguez-Martinez and J. P. Antfield, Phys. Rev. B54, R15622 (1996). (b} L. M. Rodriguez-
Martinez and J. P. Attfield, Phys. Rev. B8, 2426 (1998).
[5] F. Damay, C. Martin, A. Maignan and B. Raveau, J. Appl. Phys. 82, 6181 (1997).
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a change in the relative stabilities of the ground states. Below a (ra) of 1.195 A, Tco > Tc
and it is likely that the CO and FMM states coexist in the temperature range between Tco
and T¢It is noteworthy that the width of the regime (Tco-Tc) decreases with increase in
{ra), becoming rather small in Lay sCao sMnOs.

Site disorder arising from size mismatch has a profound effect on the T¢
corresponding to the re-entrant transition in this (ra) regime of the manganates.
Accordingly, a change in ¢ from 0.0002 A%10 0.0055 A? at a fixed (ra) of 1.185 A brings
about a vast change in T, although the Tco is affected to a much smaller extent. Unlike

with (ra), the coexistence regime (Tco-Tc) increases with increase in o7
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Chapter 4 Results and Discussion

4.4 S'Fe Mossbauer spectroscopy study of charge-ordered rare-earth

manganates

For the Mdssbauer spectroscopy study of charge ordering and phase separation in
rare earth manganates, we have chosen two compositions with distinetly different charge-
ordering characteristics, namely Ndg sCag sMnQO; and Ndyg 5Sro sMnO;. In Ndg sCag sMnOs,
charge ordering occurs in the paramagnetic phase at 240 K followed by an
antiferromagnetic transition {Ty = 150 K) on cooling [1]. The presence of ferromagnetic
correlations at low temperatures has been noticed in this compound [2]. On doping this
manganate with ~'Fe to give the composition Nd sCag sMnges” Fego20s, the charge
ordering transition is found around 230 K and the Neel temperature at130 K as shown in
Fig. 4.4.1. Below 200 K, this composition is likely to exhibit a two-phase state, one
involving a larger ¢ parameter than the other. The long ¢ (7.5728 A) phase is paramagnetic
while the short ¢ (7.5029 A) phase corresponds to CE-type antiferromagnetic structure
with no drastic changes in lattice parameters across the Neel temperature around 120 K
[3). NdosSrosMnO;, on the other hand, becomes ferromagnetic around 250 K and
undergoes a transition to the charge ordered CE-type antiferromagnetic state on cooling to
150 K [4]. On doping this material with >'Fe to give the composition
Ndy 5Sro.sMng 05> Fegg203, the ferromagnetic transition temperature is lowered (Tc ~ 215

K) and the antiferromagnetic transition occurs around 120 K (Fig. 4.4.2). Some samples of

[1] Y. Tomioka, A. Asamitsu, H. Kuwahara, Y, Moritomo and Y. Tokura, Phys. Rev. B53, R1689 (1996).
[2] P. Murugavel, C. Narayana, A. K. Sood, S. Parashar, A. R. Raju and C. N. R. Rao, Europhys. Lett. 52,
461 (2000).

(3] A. Machida, Y. Moritomo, K. Ohoyarna, T. Katsufuji and A. Nakamura, Phys. Rev. B65, 064435 (2002).
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Chapter 4 Results and Discussion

Ndp sStp.sMnO; are found to undergo a trangition to A-type antiferromagnetic state on
cooling the ferromagnetic state below 225 K followed by the transition to the CE-type
antiferromagnetic state below 150 K. At very low temperatures, all the three phases are
reported to coexist in some samples of Ndg sSrosMnO; [5,6]. The residual magnetization
found at 100 K and below in the magnetization data shown in Fig. 4.4.2 could arise from

the presence of a small fraction of the ferromagnetic phase.

NdysCagsMngos’ Feg 03 Mossbauer spectra of Nd; sCagsMngop’ Feo;0s over the
temperature range 295-100 K are shown in Fig. 4.4.3. The room temperature spectrum is a
single paramagnetic doublet with an isomer shift (IS} of 0.26 £ 0.0lmm/s and a
quadrupole splitting (QS) of 0.20 £ 0.01mm/s. The isomer shift value is characteristic of
Fe**. On cooling the sample, IS increases gradually and tends to saturate below 130 K as
can be seen in Fig. 4.4.4 (a). The spectra retain the doublet character down to 90 K. The
line-width increases exhibiting a definitive change below 230 K as evident from the
spectra in Fig. 4.4.3. While the line broadening below 230 K suggests possible magnetic
hyperfine interaction, the retention of the doublet like-feature indicates that only short-
range magnetic order may exist in the 230-90 K region. The line-width becomes nearly
constant around 110 K where the material is known to become antiferromagnetic. One can

fit the Mossbauer spectra below 200 K to two doublets with same isomer shifts, line

[4] H. Kuwahara, Y. Tomioka, A. Asamitsu, ¥. Moritomo and Y. Tokura, Science 270, 961 (1995).

[5] P. M. Woodward, D. E. Cox, T. Vogt, C. N. R. Rao and A. K. Cheetham, Chem. Mater, 11, 3528 (1999).
[6] C. Ritter, R. Mahendiran, M. R. Ibama, L. Morellon, A. Maignan. B. Raveau, C. N. R. Rao, Phys. Rev.
B61, R9229 (2000).
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Chapter 4 Results and Discussion

widths and intensities but different quadrupole splitting. The fitted subspectra are shown in
Fig. 4.4.3. This fitting method was chosen based on the possibility of Fe** being located in
two different manganese sites created by the ordering of Mn** and Mn** ions. In Fig. 4.4.4
(b), we show the temperature variation of the quadrupole splitting. The quadrupole
splitting increases with decrease in temperature showing a jump around 230 K (Tco). The
quadrupole splitting is split into two components below 230 K down to 100 K, one with
higher QS (QS1) than the room temperature spectrum and the other with lower QS (QS2).
With the lowering of temperature, both QS1 and QS2 increase, but the increase in the
value of QS1 is greater than that of QS2. Both QS1 and QS2 become a constant below
~130 K. The observation of two quadrupole splittings is consistent with the occurrence of
two phases with large and small c-parameters below Tco [3].

The spectrum at 60 K is broad and unresolved (Fig. 4.4.5) and indicates a
disordered state. The spectrum at 40 K shows a six-finger pattem indicative of a long-
range antiferromagnetic order, but disorder continues to persist. The spectrum at 4.2 K is,
however, well-split with reasonably narrow lines indicating that all the Fe ions l;ave
reached saturating internal fields. Since the lines are slightly broader than the experimental
line-widths for Fe-metal, we invoke the presence of more than one site for Fe. We are able
to fit the spectrum to two sets of magnetically split lines of equal intensity and width and a
paramagnetic doublet with a width similar to that of the room temperature spectrum. The
hyperfine field, Hin, of the two magnetic phases are 487 and 503 kQe and their respective
isomer shifts are 0.39 + 0.01 and 0.40 = 0.01 mm/s. The spectrum at 4.2 K does not show

appreciable asymmetry and hence no appreciable quadrupole shift of the magnetic phases.
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Fig. 4.4.5 M&ssbauer spectra of Ndg sCag sMng 93 Feg 0,03 in the 4.2 - 90 K range.

The spectrum at 4.2 K can be decomposed to three components.
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Chapter 4 Results and Discussion

We suggest that the two magnetically split spectra arise from the two paramagnetic phases
(with different values of QS). Thus, our Méssbauer study shows that this manganate is

phase-separated at low temperatures.

Ndy,sSrosMngos’ Feg0303: Ndo sSto.sMng.es® Feg 0203 shows a single quadrupole doublet at
295 K with an isomer shift of 0.26 £ (.01 mm/s and quadrupole splitting of 0.30 + 0.01
mm/s (Fig. 4.4.6). The relatively large quadrupolar splitting, QS = 0.30 mm/s at room
temperature has its origin in the high orthorhombic distortion of the structure (space
group: Imma) [5]. We continue to see the doublet down to 200 K although the isomer
shift increases below 250 K as shown in Fig. 4.4.7 (a). This clearly indicates some change
taking place in the electronic environment around Fe. Accordingly, we note that the line-
width is essentially constant down to 220 K and increases below this temperature as can be
seen from Fig. 4.4.7 (b). This is consistent with the magnetization data (Fig. 4.4.2). The
changes found in the line-width below 220 K correspond to the paramagnetic to
ferromagnetic transition, although we do not see a clear six-finger spectrum as expected of
a long range ferromagnetically ordered system. There is a definitive and discernible six-
finger spectrum below 180 K (Fig. 4.4.8), although there is disorder. Compared to
Ndp sCag sMng o> Feg 703, however, the magnitude of disorder may be less, as evidenced
from the resolution of the spectrum at 41 K.

The transition to the CE-type antiferromagnetic state around 120 K (which is
evident from the magnetization data in Fig. 4.4.2) is difficult to discem from M&ssbauer

spectra (Fig.4.4.8), although the hyperfine features are somewhat more obvious in the
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Fig. 4.4.6 Méssbauer spectra of Ndo.sSro.sMng g Feg 203 in the 180-295 K range
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Fig. 4.4.8 Mdssbauer spectra of Ndo sS1o.sMngos® Fep 0205 in the 4.2 — 160 K range. The

4.2 K spectrum is fitted with two sextets and a weak paramagnetic doublet.

198



Chapter 4 Results and Discussion

spectrum at 100 K. A certain feature in all the spectra below 160 K is the presence of an
unresolved magnetic hyperfine spectrum v?ith an additional central paramagnetic doublet.
The evolution of the spectral line shape from 200 K downwards is typical of
superparamagnetic relaxation or of the magnetic correlation evolving slowly from short
range to long range. Thus, the Mdssbauer spectra show that in this charge ordered
manganate, long-range magnetic order does not emerge in a clean manner, just as in
NdysCagsMnQ;. The coexistence of two or more phases, such as A- and CE-type
antiferromagnets besides the ferromagnetic phase in Ndg sSrp sMnQj has been pointed out
[5]. The Mdssbauer spectra show that indeed. The systems evolve in a complex manner,
although it is not straightforward to assign the possible phases present in the 160 - 40 K
range. At 4.2 K, however, we see a well-resolved magnetic hyperfine spectrum with
reasonably narrow line-width which implies, either that the long range order sets in or that
the superparamagnetic relaxation reaches its end. The slightly broad spectrum of
Ndo sSro.sMnyes” Feoo0s at 4.2 K (Fig. 4.4.8) can be resolved into essentially two site
magnetic six-line spectra and a weak doublet reminiscent of the paramagnetic phase. The
hyperfine field, H;,, of the two magnetic phases are 488 and 506 kOe and their respective
isomer shifts are 0.38 + 0.01and 0.39 + 0.01mm/s. The 4.2 K spectrum clearly results from
phase separation. It is not however, possible to unequivocally resolve the magnetic phases,
as all the phases seem to have the same local field value at the Fe nuclei.
Conclusions

The study indicates that Fe exists in the 3+ state in both the manganates, namely

Ndo.sCag sMng.ss” Fep 0203 and Ndg sSro sMngeg® Feoo203. The evolution of the Mdssbauer
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Chapter 4 Results and Discussion

spectra as a function of temperature shows that long-range magnetic order does not
emerge in a clean manner in both the manganates studied. The well-resolved magnetic
hyperfine Mossbauer spectra at 4.2 K of both NdgsCagsMnggs® FeogOs and
Ndy sSrosMng.os® Fego20; indicate the presence of more than one magnetic phase. A weak
paramagnetic component is also evident in the spectra at 42 K of
Ndo sCapsMng 9™ Feg.0203 and Ndo sSto.sMng os* Feg0203. Mssbauer spectroscopy of these
two manganates confirms that these materials undergo phase separation at low

temperatures.
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Chapter 4 Results and Discussion

4.5 A study of electron-doped manganates, Ca,,Ln,MnQO; (x <0.5)

The lattice parameters of Ca;.LnMnO; (Ln = La, Nd, Gd, Y; x = 0.2, 0.36)
compositions are listed in Table 4.5.1. The compounds Ca;LnMnO; with x = 0.1 do not
show evidence for charge-ordering properties in the 120-300 K range, and instead exhibit
ferromagnetic interactions akin to those in spin glasses [1]. The compounds with x = 0.2
show peaks in magnetization due to charge ordering at 215, 176 and 157 K for Ln = La,
Nd and Gd respectively (Fig. 4.5.1(a)). At these temperatures, there is a marked increase
in electrical resistivity as can be seen in Fig. 4.5.1(b). The compounds with composittons
corresponding to the optimal 3/8 doping (x = 0.36) show interesting electrical and
magnetic properties. Thus, the magnetization exhibits a broad maximum at around 270 K
when Ln = La, Nd or Gd (Fig. 4.5.2 (a)). Around this temperature, there is a small, but
definitive, jump in resistivity (Fig. 4.5.2 (b)). An examination of the variation of T¢o in
Ca;xLnMnO; suggests that Tco increase with the increase in x or the electron
concentration. When x = 0.2, T¢o decreases significantly, although (rs) decreases with
only a marginal change in the o value (Table 4.5.1). When x = 0.36, Tco is nearly
constant despite the marked decrease in {rs) and fairly high values of o’ when Ln = Gd. It
appears that at optimal electron doping, (ra} has no effect on T¢p. The yttrium substituted
materials with the smallest values of {rx) fail to exhibit high values of Tco and fall in line
with the manganates discussed above (Table 4.5.1). These trends for the electron-doped

Cai..Ln,MnO3; compounds are different from those for the hole-doped Ln;..Ca,MnQO»

[1] {(a) A. Maignan, C. Martin, F. Damay and B. Raveau Chem, Mater. 10, 950 (1998). (b) A. Maignan, C,
Martin, F. Damay, B. Raveau and J. Hejtmanck Phys. Rev. B58, 134 (1998).
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Table 4.5.1

Properties of electron-doped manganates showing charge-ordering

Composition  <t>(A) (A [ aice parameters A)® D% Teo ()
a b c
CagglagsMnO; 1.187 0.0002 5333 5316 7.546 0.15 215 (170)
Cag.salap 36MnO; 1.193 0.0003 5390 5391 7.588 0.20 271 (254)
Cap.gNdp 2 MnO; 1.177  0.00005 5317 5316 7.495 0.13 176 (154)
Cag 6aNdg 36MnQO; 1.174  0.00007 5.388 5.361 7.570 0.33 271 (253)
Cay 3Gdp MnO; 1.165 0.0008 5300 5311 7482 0.13 157 (139)
Cag 64Gdp 36MnQs 1.154 0.0012 5354 5381 7.509 0.26 209 (252)
CapsYo2MnOs 1.159 00017 5.262 5.339 7437 0.65 182 (141)
Cag 64 Y0.36MnO; 1.142 0.0025 5295 5295 7451 1.32 - (240)

@ Space group: Pbnm; Uncenainties in the lattice parameters are within + 0.001 A.

® From magnetization measurements; values in parenthesis are from resistivity data.
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Fig. 4.5.1 The temperature variation of (a) the magnetization and (b) the electrical

resistivity of CagglngMnQOs (Ln = La, Nd, Gd).
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T ' T
100  T(K) 200 300
Fig. 4.5.2 The temperature variation of (a) the magnetization and (b) the electrical
resistivity of CagesLng3¢MnO; (Ln = La, Nd, Gd). The inset in (b) shows the temperature

variation of d(logp)/dT" (or the activation energy).

204



Chapter 4 Results and Discussion

compounds, where Tco increase with decrease in (ra) as could be seen in Fig. 4.5.3.
Interestingly, the decrease in Tco with {ra) when x = 0.2 is in the same direction as the
decrease in ferromagnetic interaction.

We have also studied the electron-doped manganate, CaggsPro3sMnO; with a
negligible size mismatch between the A-site cations, i.e. Pr and Ca with 9- coordinate
Shannon radii of 1,179 and 1.18 A. The compound is a charge ordered insulator like the
other analogues with a Tco of 268 K (Fig. 4.5.4(a)). In Table 4.5.2, we list the atomic
coordinates and lattice parameters of Cap 4Prp1sMnO; obtained from Rietveld analysis.
There is no effect of an applied magnetic field of 12 T on the resistivity of this sample
(Fig. 4.5.4 (b)) which suggests the robustness of the charge ordered state in this
manganate.

The effect of cation size disorder on the charge-ordering fransition in the electron
doped manganates Ca;,LnMnQ; with x = 0.36 has been investigated by keeping the
average radius of the A-site cation, (ra) fixed and varying 6”. The value of o is varied by
making different combinations of the Ln and alkaline-earth ions. We have studied two
series of electron-doped manganates of the type Cag g4Ling 36MnO; with fixed (rp) of 1.174
and 1.18 A pertaining to CagsaNdy36MnO; and Cage4Pro36MnO; as listed in Table 4.5.3.
The temperature variation of the resistivity and magnetization of a few members of the
two series of compounds are shown in Figures 4.5.5 and 4.5.6. As could be seen from the
anomalies in the resistivity and magnetization data the T¢o decreases with increase in o”.

The plots of the Tcp against o’ for the two series of manganates are shown in Fig. 4.5.7.

The plots are linear, giving slopes 5813 and 6408 KA for fixed (rx) of 1.174 and 1.18 A,
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Table 4.5.2

Atomic coordinates and structural parameters of Pry;;Cayc:MnO;

Atom Site X y vA Frac Usso
Pr 4c 0.5027 0.4746 0.2500 0.3600 -0.0033
Ca 4c 0.5027 0.4746 0.2500 0.6400 -0.0033
Mn 4b 0.5000 0.0000 0.0000 1.0000 0.0063
O 8d 0.0544 0.5213 0.2500 1.0000 0.0901
O 4c 0.2854 0.2717 -0.0460 1.0000 -0.0367

Bond distance (A) Bond angle (°)
2x1. .
Mn-O x 1.892 Mn-O-Mn 4x155.6
2x1.993 2% 161.2
2x1.916 X e

Space group: Pbnm; a = 5.3664 A, b=5.3746 A, ¢ = 7.5603 A; R,,=3.28%.
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Fig. 4.5.7 Variation of the charge-ordering temperature in Lng3sCagseMnO; with ¢° for
fixed (ra) values. Open symbols represent data obtained from magnetic measurements, and

the corresponding closed symbols are from resistivity measurements.
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Chapter 4 Results and Discussion

respectively. The intercept, T%co, corresponding to the charge-ordering temperature for a
disorder-free manganate, is around 266 K in both the cases. This value of Tlco is
considerably higher than that in Lno sAgsMnQs.

The effects of substitution of Ga and Ge on the charge ordering properties of the
electron-doped manganate, Cag ¢4Pro36MnQO3, were also investigated. The inagnetization
anomaly corresponding to the charge ordering transition is observed in Cags4Pro3sMn.
«Ga,0; upto x = 0.05, with the charge ordering transition temperature decreasing with
increasing Ga concentration (Fig. 4.5.8). When x = 0.1, there is no charge ordering. In the
Ge-substituted compositions, there is not much change in Teg, upto x = 0.10 as seen in
Fig. 4.5.9. All the Ga and Ge substituted Cagp 64Prg3sMnQO; compositions remain insulating
down to low temperatures just as the parent compound. However, the anomaly in the
resistivity data around Tco is not so evident when the dopant concentration increases. The
properties of these compositions are listed in Table 4.5.4. Though both Ga and Ge have
the same elecironic configuration (3d'®), their substitution at the Mn site will have
opposite effects on the Mn>*/Mn"" ratios. Also, Ge** has a six coordination ionic radius
(0.54 A), close to that of Mn*" (0.53 A) and hence the disorder induced by size would be
small. The ionic radius of Ga®™ (0.620 A) is slightly smaller than that of Mn®* (0.645 A).
In general, Ge substitution has less effect on the properties of the parent manganate than
Ga substitution. These effects of Ga and Ge substitution on Cag ¢4Pty 1sMnQ4 are similar to
those on Lng sCag sMnO: manganates (see Section 4.2).

The electron-doped manganates with x = 0.36 differ from the corresponding hole-

doped manganates with respect to the effect of Cr** doping. The charge-ordered state in
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Table 4.5.4
Properties of Cay¢4PrysMn; ,M;0,( M = Ga and Ge)

Composition Lattice parameters (3)® Teo ™

a b c X)

Cag 64Pro 3sMn).«Ga, O

0.0 5366 5374  7.560 268 (267)
0.01 535 5378  7.545 255 (245)
0.03 5360 5369  7.552 237 (228)
0.05 5360 5374  7.546 212
0.10 5361 5367  7.551 -

Cag.64Pro 36Mn:Ge O3

0.01 5361 5374  7.556 264 (244)
0.03 5360 5375  7.562  265(245)
0.05 5367 5371 7561 264 (242)
0.1 5365 5383  7.551 260

@ Space group: Pbnm; Uncertainties in the lattice parameters are within + 0.001 A.

® Values in parenthesis are from resistivity measurements.
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Chapter 4 Results and Discussion

hole-doped manganate like Ndo sCaosMnQs could be melted by appreciable substitution at
the B-site by Cr** or Ru** (Section 4.2). In Ca,..Ln,MnO; (x = 0.36, Ln = La, Nd or Gd),
however, 3% doping with Cr does not completely destroy the charge ordering. We do not
observe an insulator-metal transition on Cr doping as in the case of some of the hole-

doped charge-ordered manganates (Fig. 4.5.10).

Conclusions

The present investigations demonstrate that charge-ordering in electron doped
manganates is distinctly different from that in the analogous hole-doped manganates. In a
given family of manganates, the charge-ordering transition temperature, Tcq, increases
with the electron concentration. In fact, Tco decreases with decrease in (ra), unlike in the
case for the LngsAosMnO; manganates, where it increases. The Tco decreases linearly
with the increase in size mismatch, o°. Also, the T’co value is higher for the electron-
doped manganates, Ca;.LnMnO; with x = 3/8 when compared to the half-doped
manganates (see Section 4.1). Substitution of the B-site in electron-doped manganate (x =
0.36) by Ga and Ge does not have much effect. Even substitution of a transition metal ion
such as Cr at the B-site does not affect the charge-ordering in Cag ¢4Lng36MnQO; (Ln = La,
Nd and Gd) manganates and the charge-ordered state in these manganates is more robust

than those of the half-doped manganates.
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Fig. 4.5.10 The effect of 3% Cr doping on the electrical resisitivity of CagesLng 3sMnO;
(Ln = La, Nd , Gd). In the inset, typical magnetization data showing charge-ordering

transitions are shown.
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Chapiter 4 Results and Discussion

4.6 Effect of cation size and disorder on the structure and properties of rare

earth cobaltates, LngsA,sCoO; (I.n = Rare Earth, A = Sr, Ba)

Cobaltates of the general formula Lng sAgsCoO; (Ln = rare earth, A = Sr or Ba)
were investigated and the unit cell parameters of representative cobaltates are listed in
Table 4.6.1. In Table 4.6.1, we have also listed the weighted average radius, (ra), and the
o’ values of these materials. Rietveld analysis of the powder X-ray diffraction data of the
cobaltates gave good fits as shown for five of the materials in Figures 4.6.1 and 4.6.2. The
atomic co-ordinates for some of the cobaltates are given in Table 4.6.2. The structural data
reveal that when A = Sr, the structure is rhombohedral (space group: R3¢) up to Ln = Nd.
In the case of NdgsS155C0o03; we could get an equally good fits for the Pnma and R3c
space groups, and we have, therefore, preferred the space group with higher symmetry as
per the normal practice. When Ln = Gd, the structure is orthorhombic (space group:
Pnma). The corresponding Ba compounds are all however orthorhombic with the space
group Pmmm. The A-site coordination number is 12 when the structure is rhombohedral
and 9 when it is orthorhombic. In Fig. 4.6.3, we show rhombohedral and orthorhombic
structures for purpose of illustration. In Table 4.6.3 we list some of the structural
parameters. The Co-O bond distances listed in the table show how the CoOg octahedra are
distorted in the orthorhombic structure, especially in the Pmmm space group of the Ba
compounds.

In Fig. 4.6.4(a), we show the temperature-variation of the magnetization of a few
compositions of LngsA¢5C00;.The Tc values obtained from the magnetization data are

listed in Table 4.6.1. In Fig. 4.6.5, T¢ values obtained by us are plotted against (r), along
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Table 4.6.1

Structure and Properties of LnysA,5C00;

Space

Ln A on ) (A o’ (AY Lattice parameter (A)  Tc(K)
group a b c

La Sr R-3¢c® 1.40 0.0016 54152 - - 258
Nd Sr R-3c® 1.355 0.0072 53770 - - 226
Gd Sr Pnma 1.320 00123  5.3746 7.5601 53723 162
La Ba R -3¢ 1.485 0.0156  5.4997 - - 219
Nd Ba Pmmm 1.317 0.024 11.7100 11.6778 7.6130 178
Gd Ba Pmmm 1.288 0.033  11.7196 11.6323 7.5392  --

(a) x=60.17°

(b) 0 =60.28°

(c)o=60.04°

220



ITI_

2500
2000
1500
1000

500

La, Sr, .CoO, (R3c)

T+ rerti

2000
1500
1000

500

IR L

20 40 60 80

2000
1500
1000
500 e an

0E i — - |

20 40 60 80

Fig. 4.6.1 Powder X-ray diffraction paiterns for the representative members of Lng sSrp.sCoO3.

The calculated profile and the difference curve obtained from Rietveld analysis are also

shown.
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Fig. 4.6.2 Powder X-ray diffraction patterns for the representative members of
LngsBagsCoQs;. The calculated profile and the difference curve obtained from Rietveld

analysis are also shown.
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Table 4.6.2

Atomic coordinates of a few members of LnysAysCo0O;

Ln A atom site X y Z Uiso
La St La/Sr 2a 0.25000 0.25000 0.25000 0.00350
Co 2b 0.00000 0.00000 0.00000 0.00376
O Ge 0.28006 (.21994 0.75000 0.01221
Nd Sr Nd/Sr 2a 0.25000 0.25000 0.25000 0.00611
Co 2b 0.00000 0.00000 0.00000 0.00606
O 6e . 0.29662 0.20338 0.75000 0.00118
Gd St Gd/Sr 4c 0.00407 0.25000 0.00490 0.02818
Co 4b 0.00000 0.00000 0.50000 0.02018
0O 8d 0.30840 -0.00712 0.25408 0.05097
O 4c 0.08477 0.2500 0.50490 -0.03259
Nd Ba Nd/Ba lc 0.00000 0.00000 0.50000 0.00959
Nd/Ba 2n 0.00000 0.67102 0.50000 0.01407
Nd/Ba 2 0.31649 0.00000 0.50000 0.04112
Nd/Ba 4z 0.33870 0.67146 0.50000 0.00225
Nd/Ba la 0.00000 0.00000 0.00000 -0.00658
Nd/Ba 2m 0.00000 0.66496 0.00000 -0.01020
Nd/Ba 21 0.33424 0.00000 0.00000 -0.01217
Nd/Ba 4y 0.32853 0.66496 0.00000 0.00080
Co 2t 0.50000 0.50000 0.74589 -0.04881
Co 4v 0.50000 0.82006 0.73592 0.04939
Co 4x 0.84936 0.50000 0.74713 -0.00517
Co 8 0.82403 0.16557 0.25343 -0.00720
O 1h 0.50000 0.50000 0.50000 0.13774
O 2p 0.50000 0.84084 0.50000 -0.03272
O 21 0.15382 0.50000 0.50000 0.06328
0O 4z 0.18089 0.84139 0.50000 0.09803
O 2s 0.50000 0.00000 0.70000 -0.00021
0O 4v 0.50000 0.66554 0.69596 -0.07491
O 4w 0.86807 0.00000 0.76102 -0.02076
0O 8u 0.83519 0.33170 0.27143 -0.01216
O 2r 0.00000 0.50000 0.71388 -0.00142
0O 4u 0.00000 0.83147 0.69421 0,02978
0 4x 0.66299 0.50000 0.73289 0.04036
0O 8u 0.67560 0.16633 0.28503 0.03245
O If 0.50000 0.50000 0.00000 -0.04651
0 20 0.50000 0.81642 0.00000 -0.07971
O 2k 0.18571 0.50000 0.00000 -0.04482
O 4y 0.16576 0.85300 0.00000 0.07722
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Table 4.6.3

Important structural parameters of a few members of LngsA,sCo0O;

Lng sAg sCoO; bond distances (A) bond angles (deg.)
Ln A Co-O Co-0-Co
La St 6 x 1.9336 6 x 164.96
Nd St 6 x 1.9217 6 x 164.94
Gd Sr 2 x 1.7107 4 x 165.23
2 x 1.9444 2 x 152.85
2 x 2.1203
Nd Ba® 1x 2.0989 2 % 180.00
1 x 2.0039 2 x174.19
1x 1.9488 2 x 159.31
1 x 1.9448
1 x 1.8794
1% 1.7546
Gd Ba® 1% 1.9013 1 x174.72
1 x 1.8984 1x172.08
2 x 1.8932 1 x 169.15
1% 1.8749 2% 165.93
1 x 1.8724 1 x 151.58

@ There are other unique sets of six Co-O distances in this compound and only one

representative set is listed here.
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Chapter 4 Results and Discussion

with some of the data from the literature. The Tc increases up to a (ry) value of 1.40A and
decreases thereafter. The shape of the curve in Fig. 4.6.5 is similar to the Tc - (rs) plot for
Lng1A03MnO; [1]. The decrease in Te for {(ra) > 1.40A is likely to arise from A-site
cation-disorder, just as in the case of the manganates [2,3].

Electrical resistivity data of the cobaltates also reflect the effect of cation size and
disorder. In Fig. 4.6.4(b), we show the temperature-variation of the electrical resistivity of
the Lng A sCo0; compounds. Both Lag sSry sCoO;3 and Ndg 5Sry sCo0; show the expected
metallic behaviour, but orthorhombic GdysSrosCoO; shows a slight departure from
metallic behaviour. While LagsBagsCoQ; is metallic, NdysBagsCoQOs is an insulator,
Pry.sBag.sCoO; 1s reported to be an insulator [4]. It is interesting that Pry sBag sCoQs and
Nd, sBag sCo0O5 are insulating, in spite of the large {ra), unlike LagsBaysCoO; and the
strontium analogues. This is likely to be due to the large cation-size disorder, with ¢* >
0.01A%. GdysSrosCoO; with 6 = 0.012A? tends to be insulating because it also has a
relatively small {r,). These results suggest that cation-size disorder can render a material
insulating even though the {ra) is considerably large, as in the case of LngsBagsCo0Q; (Ln
= Pr, Nd). These results show the important role of cation size and disorder on both the

magnetic and the electrical properties.

[1] (a) R. Mahesh, R. Mahendiran, A. K. Raychaudhuri and C. N, R. Rao, J. Solid State Chem. 120, 204
(1995). (b)H. Y. Hwang, S.-W. Cheong, P. G. Radaelli, M. Marezio and B. Batlogg, Phys. Rev. Lett. 75, 914
(1995).

[2] () L. M. Rodriguez-Martinez and J. P. Aitfield, Phys. Rev. B54, R15622 (1996). (b) L. M. Rodriguez-
Martinez and J. P. Attfield, Phys. Rev. B38, 2426 (1998).

[3]1 F. Damay, C. Martin, A. Maignan and B. Ravean, J. Appl. Phys. 82, 6181 (1997).
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Fig. 4.6.4 Temperature variation of (a) the magnetization and (b) the electrical resisitivity

of the cobaltates Lng A9 sC0O;. Ln and A are indicated in the figure.
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Fig. 4.6.5 Variation of the ferromagnetic Curie temperature, Te, with (ra) in

LngsApsCoQs. Ln and A are indicated in the figure. The filled symbols are the data from

the literature. The broken curve is drawn as a guide to the eye.
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Chapter 4 Results and Discussion

Gdy sBagsCoOs ({ra) = 1.288A) with a large value of a® (0.033A%) as well as
orthorhombic distortion, exhibits unique magnetic and transport properties. It is not
ferromagnetic as the La, Pr and Nd derivatives of the same series. Instead, it shows
a metamagnetic type of transition around 240 K as illustrated in Fig. 4.6.6(a). A similar
transition has been reported by Troyanchuk et al. [4]. Across the magnetic transition, the
material remains an insulator. Gdy sBay sCoO; also exhibits a small resistivity transition at
340 K as revealed in Fig. 4.6.6(b), in agreement with the reports in the literature {4,5].
This transition has been attributed to charge ordering of the Co®* and Co*" ions [5).The
electron diffraction pattern of GdpsBaysCoOs along (001) in Fig. 4.6.7 shows the
superlattice reflections. We do not however see the resistivity anomaly around 250 K
reported by Trovanchuk et al. [4(b)]. Magnetoresistance measurements show about 17%
negative magnetoresistance {MR) at 75 K in a field of 5T, but no MR maximum at 250 K
as reported by Troyvanchuk et al. [4(b)). There is a small increase in MR at 340 K where
the resistivity transition occurs (Fig. 4.6.6(b)).

In order to investigate the effect of the A-site cation size-mismatch on the magnetic
and electrical properties of the cobaltates, we have systematically varied o° in two series
of compounds with fixed (ra) values of 1.357 and 1.369A. We list the lattice parameters
and ¢° values in Tables 4.6.4 and 4.6.5. We show typical magnetization data of the series

with {ra) = 1.357A in Fig. 4.6.8(a) in order to illustrate how the ferromagnetic Tc

[4] () L. O. Troyanchuk, N. V. Kasper, D. D. Khalyavin, H. Szymczak, R. Szymczak and M. Baran Phys.
Rev. B58, 2418 (1998). (b} I. O. Troyanchuk, N. V. Kasper, D. D. Khalyavin, H. Szymczak, R. Szymczak
and M. Baran Phys. Rev. Lett. 80, 3380 (1998).

[5]1 Y. Moritomo, M. Takeo, X. J. Liu, T. Akimoto and A. Nakamura Phys. Rev. B58, R13334 (1998).
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Fig. 4.6.6 Temperature variation of (a) magnetization and {(b) resistivity of the cobaltate
Gdy sBay 5C00;. The inset in (b) shows the -MR(%) versus temperature plot in a field of 1

and 5T.
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Fig. 4.6.7 SAED pattern of Gdo sBay sC00;.
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Table 4.6.4
Structure and properties of Lngs.,Ln',Ays.,A’,CoO; with a fixed (r,) 0f 1.357 A

Lattice parameter

Composition o’ 2 o Te

(A% &) (deg) (K)
Pro.sLag 35Ca0.16510.34C005 0.0026 5.3939 60.15 236
Ndo 15La.35810.355Cag.145C005 0.0034 5.3913 60.23 233
Ndg 1 Pr 4S8t 45Ca0,0sCoO03 0.0053 5.3858 60.37 227
Gdo.11Pro.39Sr0.sCo05 0.0070 5.3887 60.32 222
Ndo 5S10.5C00s 0.0072 5.3770 60.28 226
Smy 315La0.185570.5C005 0.0077 5.3883 60.24 223
Gdp 245180255519 sC003 0.0081 5.3948 60.16 217
Ndo.35Gdp.15810.45Bag0sCo03 0.0118 5.3882 60.24 207
Smy,sS10.40sBa0.09sCo03 0.0157 5.3896 60.10 191
Ndo 2Gdo 3Sr0.39sBag 10sCo03 0.0168 5.3943 60.01 181
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Table 4.6.5
Structure and properties of Lnys.,Ln’ As,A’yCoO; with a fixed (r,) of 1.369 A

Lattice parameter

Composition G’ 2 o Te

@ W e ®
Pry 58t sCoOs 0.0051 5.3839 60.41 230
Lag 2355mg 265510 sC00s 0.0070 5.3542 60.13 214
Lag 315Dvo.185819.5C004 0.0085 5.3957 60.10 200
Pro 3Gdg 281 41 Bag 06Co0n 0.0134 5.3982 60.08 176
Pro2Gdg 3S19.36Bag 14C00s 0.0178 5.4021 60.08 143
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Fig. 4.6.8 Temperature variation of (a) magnetization and (b) resistivity of rhombohedral
Lng sAq sCoOs with fixed (r) of 1.357 A and variable o°. ¢ values are shown in the

figure.
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Fig. 4.6.9 Variation of the ferromagnetic Curie temperature, Tc with o° in rhombohedral

Lng.sAosCoO; with fixed (ra) values of 1.357 A and 1.369 A.
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Chapter 4 Results and Discussion

decreases with the increase in 6°. We have listed the Tc values of the two series of
cobaltates in Tables 4.6.4 and 4.6.5 and plotted the Tc values against ¢° in Fig. 4.6.9. The
plots are fairly linear. We can write the relation as,
Te= T - po? 4.6.1)

where the value of the intercept, T°c is an estimate of the ideal ferromagnetic Curie
temperature that would have been observed in the absence of A-site cation size-disorder
(6* = 0). We find T to be 251 + 3K and 261 # 4K respectively for (rs) values of 1.357
and 1.369A respectively, the corresponding slopes being 3961 + 270KA? and 6558 +
369K A2, There is some variation in T’¢ in the cobaitates even for a change of 0.012 A in
(ra), compared to the manganates where marked changes in T°c occur for larger changes
in {ra) {2,3]. Furthermore, the slope of the Tc - 6° plot increases with (r) in the cobaltates
while it decreases in the manganates.

In Fig. 4.6.8(b), we have plotted the electrical resistivity of the cobaltates in Table
4.6.4 with a fixed {ra) of 1.357A. The materials are metallic for 6® < 0.012A% and become
insulating at higher o7, as also corroborated by the data in Fig. 4.6.4(b). This metal-

insulator transition is brought about entirely by size disorder, The rare earth cobaltates are

distinct from the rare earth manganates in that the latter show an insulator-metal transition
around the ferromagnetic Tc and the transition temperature decreases with increase in o°.
We have plotied the resistivity of Lng.sAq.5C00s at 25 K against o” in Fig. 4.6,10. We see a

general increase in resistivity with increase in o” in the cobaltates studied.
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Fig. 4.6.10 Variation of the resistivity of rhombohedral Lng sAsCoQO; at 25K with o°.
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Chapter 4 Results and Discussion

Conclusions

The study of rare earth cobaltates shows that the structure of LngsSrysCoQ; is
rhombohedral (R3c) when Ln = La, Pr or Nd, but orthorhombic (Pnma) when Ln = Gd.
The Lng sBay sCoO; compounds are all orthorhombic (Pmmm). The ferromagnetic Curie
temperature, Tc, of Lng sAqsCoOs increases with the average size of the A-site cation upto
an (r) of 1.40A, and decreases thereafter due to size mismatch. Disorder due to cation
size mismatch has been investigated by studying the properties of two series of cobaltates
with fixed {rs) and differing size variance, ¢°. It is found that Tc decreases linearly with
o?, according to the relation, Te = T - po”. When o’ is large (> 0.012A2), the material
becomes insulating, providing evidence for a metal-insulator transition caused by cation
size-disorder. Thus, GdosBagsCoO; with a large o’ is a chargé-ordered insulator below
340 K. The study demonstrates that the average A-cation radius, as well as the cation size-
disorder affect the magnetic and transport propertics of the rare earth cobaltates

significantly.
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