Ferroic Materials: Synthesis, Structure and
Properties

A Thesis
Submitted for the Degree of
DOCTOR OF PHILOSOPHY

by

R. VENGADESH KUMARA MANGALAM

CHEMISTRY AND PHYSICS OF MATERIALS UNIT
JAWAHARLAL NEHRU CENTRE FOR ADVANCED SCIENTIFIC
RESEARCH
(A Deemed University)

Bangalore — 560 064

JULY 2009






DECLARATION

I hereby declare that the matter embodied in the thesis entitled “Ferroic Ma-
terials: Synthesis, Structure and Properties” is the result of investigations
carried out by me at the Chemistry and Physics of Materials Unit, Jawaharlal
Nehru Centre for Advanced Scientific Research, Bangalore, India under the super-
vision of Prof. A. Sundaresan and it has not been submitted elsewhere for the
award of any degree or diploma.

In keeping with the general practice in reporting scientific observations, due ac-
knowledgment has been made whenever the work described is based on the findings

of other investigators.

R. Vengadesh Kumara Mangalam






CERTIFICATE

I hereby certify that the matter embodied in this thesis entitled “Ferroic Ma-
terials: Synthesis, Structure and Properties” has been carried out by Mr.
R. Vengadesh Kumara Mangalam at the Chemistry and Physics of Materials Unit,
Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, India under
my supervision and it has not been submitted elsewhere for the award of any degree

or diploma.

Prof. A. Sundaresan

(Research Supervisor)






Acknowledgments

First and foremost I should thank Prof. A. Sundaresan for introducing me to
the area of solid state chemistry. His patience and guidance throughout the last
four years made me to reach this current position. The time he has spend during
initial stage of my research and also during the setting up of the lab are some of
the best moments of my academic career. 1 take this opportunity to once again
thank him for all his help and guidance throughout my academic career.

I am extremely thankful to Prof. C. N. R. Rao, FRS for his valuable sugges-
tions and discussions during my research work. He has been a constant source of
inspiration for me. I greatly admire his enthusiasm towards science.

I thank the past and present chairmen of CPMU, Prof. C. N. R. Rao, FRS
and Prof. G. U. Kulkarni, for providing me the various facilities to carry out my
research work.

I thank, Dr. Y. Tanaka and Dr. A. Iyo (AIST) for high pressure synthesis, Dr.
E. Suard (ILL) for neutron data, Prof. C. Narayana and G. K. Pradhan for IR
analysis and high pressure studies, Prof. U. Waghmare and Nirath Ray for the-
oretical calculations, Prof. B. Raveau and Dr. S. Malo (CRISMAT) for electron
diffraction analysis, Prof. J. Gopalakrishnan, Rohini mani and Tiwari (IISc) for
thermogravimetric analysis, Prof. S. B. Kirupanidhi and Dr. R. Ranjith (IISc) for

early help in ferroelectric measurements, Prof. T. N. Guru Row and Dr. Shivaku-



mara (IISc) for early help in collecting x-ray diffraction data, Dr. A. Govindaraj
for helping me in using furnace facility and high vacuum synthesis, Dr. D. Sanyal,
Dr. A. Chakrabati and M. Chakrabrati (VECC) for positron annihilation studies
and V. P. Bhat for Raman analysis. I thank Prof. G. U. Kulkarni, Vijaykumar,
Radha and Bhuvana for training me in atomic force microscopy especially for doing
EFM studies.

I am thankful to AIST, Tsukuba, Japan for providing the facilities to do high
pressure and high temperature synthesis and for the financial support. I also thank
Dr. D. Shivagan, Dr. P. Shiragae and their family for their hospitality during my
stay in Tsukuba.

I thank all my course teachers in JNCASR, IISc and The American college,
Madurai. I also thank JNCASR staff for various help. I am extremely thankful to
JNCASR for providing good facilities.

A special note of thanks is due to Dr. Angappane, Dr. Thirumurugan and
Dr. Asish Kundu for their constant help and kindness. I thank past and present
labmates, Yasar, Shipra, Madhu and Pranab for their cooperation and for main-
taining a cheery atmosphere in the lab. I thank all my friends and family for their
support.

It has been a steep learning curve for me in the last four years. I should be
thankful and grateful to many people who have contributed to my growth and

helped me in one or the other way. So I take this opportunity to thank them all.



Preface

This thesis presents the synthesis and investigation of structure and
physical properties of ferroic materials. Ferroic materials encompass ferromagnets,
ferroelectrics, ferroelastics and multiferroics. This thesis work is focused on search
for materials which may have ferromagnetism /ferroelectricity or multiferroicity and
to understand structure - property relationship.

Chapter 1 gives an overview of ferroic and multiferroic materials.

Chapter 2 describes the experimental details involved in the synthesis of the
compounds under study and their structural analysis and physical property mea-
surements.

Chapter 3 deals with the structural and dielectric studies on Bi(Al/Ga)Os3
synthesized at high pressures and high temperatures. BiAlOg3, a new lead free fer-
roelectric, shows ferroelectric polarization of 16 uC/cm?. Contrary to theoretical
prediction, BiGaOj is not a ferroelectric in agreement with its centrosymmetric
structure.

In Chapter 4, the effects of oxygen non-stoichiomety in BiMnOj3_s is dis-
cussed. The near stoichiometry phase is shown to form a new phase with lattice
parameters, v/2a, X 2a, X \/2a,, rather than the monoclinic phase reported in the
literature. However, the phase formed with more oxygen deficiency is similar to
that reported in the literature.

Chapter 5 details the multiferroic properties observed in nanocrystalline BaTi

Vil



Os3. Nanocrystalline BaTiO3 shows ferromagnetism due to defects on the surface
of the particles. Further, the hitherto system shows large magnetodielectric effect
near room temperature. For comparison, the results obtained for bulk BaTiO3 are
also discussed. Positron annihilation spectroscopic studies on these nanoparticles
reveal that the defects are oxygen vacancy which is responsible for the observed
magnetism.

Chapter 6 reports the structural and dielectric properties of ordered per-
ovskites, Bag_,Sr,BiSbOg (0 < z < 2) and BaBig7Nbg303. Structural analyzes
were carried out using neutron diffraction data. These systems are interesting be-
cause of the presence of Bi:6s lone pair and their semiconducting nature.

Chapter 7 presents the investigations carried out on the three different fer-
romagnetic perovskite oxides, manganate, Cobaltate and Ruthenate. This chapter
deals with preparation, structure, magnetic and other physical properties of these

oxides.
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CHAPTER 1

Overview of ferroics and multiferroics

1.1 Introduction

A ferroic material is one which can, or can be conceived to, undergo one or more
ferroic phase transitions. A phase transition is called a ferroic phase transition if:
(a) it can be viewed as a nondisruptive modification of a certain “prototypic phase”,
and (b) it involves a loss of one or more point-symmetry operators present in the
prototype. By “nondisruptive modification” it means that the new phase can be
described by it’s symmetry elements, Wyckoff positions, atomic parameters, etc., in
the frame of reference of the other phase, after making continuous distortions that
do not themselves entail any additional change of symmetry [1]. Ferroic materials
are being used in many technological applications. Ferroics is the generic name
given to the study of ferromagnets, ferroelectrics, and ferroelastics. This chapter

deals the main aspects of ferromagnets, ferroelectrics and multiferroics.

1.2 Ferromagnets

Around 600 B.C., magnetism was observed in loadstone or magnetite by its power
to attract iron [2]. It has been claimed that sometimes before 2500 B.C. Chinese
used magnetic compass. Socrates mentioned that magnetite was used to induce
iron to get the attractive power (magnetism). Thus permanent and induced mag-

netism were human’s earliest scientific discoveries. The science behind operation
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of magnetic compass enlightened only after the realization of the fact that the
earth itself was a huge magnet by Gilbert. Later, Coulomb’s investigations in 16"
century form the starting point in the research to understand magnetism.

The magnetic effects, except diamagnetism, observed in inorganic materials are
due to the presence of unpaired electrons. Thus magnetism is mainly observed
in compounds having transition metals and lanthanides due to the presence of
unpaired d and f electrons respectively. The random orientations of unpaired
electrons on the different atoms lead the material to be paramagnetic. Parallel
alignment of these unpaired electrons makes the material as ferromagnetic. If
they align in antiparallel, then the material becomes antiferromagnetic. In case
of unequal magnetic moment of the spins in antiparallel alignment will lead to
ferrimagnetic behavior. However among the different magnetic behaviors, materials
having ferromagnetism are widely used in application.

Most of the ferromagnetic materials known are metallic and there are consid-
erable number of insulating ferromagnetic compounds. The ferromagnetism ob-
served in those insulating compounds are explained on the basis of superexchange
interaction. Even though superexchange interaction has been explained earlier, a
considerably more satisfactory system of semi-empirical rules was developed over
a period of years by Goodenough [3] and Kanamori [4]. These rules have the im-
portant features of the occupation of various d levels as dictated by ligand field
theory. They are related to the prescriptions of Andersons work about the sign
of superexchange [5]. The exchange interaction in magnetic insulators is predom-
inantly caused by the so-called superexchange which is due to the overlap of the
localized orbitals of the magnetic electrons with those of intermediate ligands. The
main features of the superexchange interactions are usually explained in terms of

the so-called Goodenough- Kanamori-Anderson rules [4, 6, 7]. According to these
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rules, a 180° superexchange (the magnetic ion-ligand-magnetic ion angle is 180°)
of two magnetic ions with partially filled d shells is strongly antiferromagnetic,

whereas a 90° superexchange interaction is ferromagnetic and much weaker.

1.3 Ferroelectrics

In 1921, Valasek first observed the phenomena, ferroelectricity, in the Rochelle
salt (KNaC,4H,044H20). However, it took many years to unveil its importance in
technological applications, especially in memory devices [8].

Ferroelectricity is a physical property of a material whereby it exhibits a sponta-
neous electric polarization, the direction of which can be switched between equiva-
lent states by the application of an external electric field. The term ‘ferroelectricity’
is a misnomer referred in analogous to ferromagnetism. Similar to ferromagnetic
materials in which the system show a magnetic hysteresis by an applied magnetic
field, the ferroelectric materials show the ferroelectric hysteresis by an applied elec-
tric field. Thus, the prefix “ferro”, meaning iron, is used to describe the property
despite the fact that most ferroelectric materials do not have iron in their lattice.

To know the importance of the ferroelectric materials, let’s go back to 20"
century and think that you are in the last minute of typing your project report.
Suddenly the power goes, your computer shuts down. Your final changes are lost.
Then you wish to have a memory system in the computer which immediately and
automatically stores everything that you write even if the power goes off. Then the
memory system, you need is a fast and random-access solid state memory which is
cheap, reliable and most importantly it is intrinsically nonvolatile. Now come back
to 21%¢ century what we have now is the non-volatile ferroelectric random-access

memories (NVFRAMs) which are realizable using the ferroelectric materials.



4 Chapter 1.

A colossal increase in the research on ferroelectric materials came in 1950s,
leading to the widespread use of barium titanate (BaTiO3) based ceramics in ca-
pacitor applications and piezoelectric transducer devices. Since then, many other
ferroelectric materials including lead titanate (PbTiOj), lead zirconate titanate
(PZT), lead lanthanum zirconate titanate (PLZT), and relaxor ferroelectrics like
lead magnesium niobate (PMN) have been developed and utilized for various of
applications. Later many new applications have emerged with the development of
ceramic processing and thin film technology. Ferroelectrics are key materials in
microelectronics. Their excellent dielectric properties make them viable candidate
for electronic components such as tunable capacitors, non volatile memories, piezo-
electric materials for medical ultrasound imaging and actuators, and electro-optic

materials for data storage and displays.

1.3.1 Symmetry

Absence of inversion symmetry and polar nature of ferroelectric crystals cause a
spontaneous polarization along one or more crystal axes. Thus the symmetry plays
a key role in these materials.

The symmetry of the crystals is governed by their lattice structure. Though
there are thousands of crystals in nature, they all can be grouped together into
230 space groups based on the symmetry elements. The space groups in three
dimensions are made from combinations of 32 crystallographic point groups with
14 Bravais lattices which belong to one of 7 crystal systems. The 32 point groups
can be further classified into (a) crystals having center of symmetry and (b) crys-
tals which do not possess center of symmetry. Crystals with center of symmetry

include 11 point groups are labeled as centrosymmetric and they do not show
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polarity. The remaining 21 point groups do not have center of symmetry (i.e. non-
centrosymmetric). All non-centrosymmetric point groups, except the point group
432, show piezoelectric effect along the unique directional axes. A crystal having no
center of symmetry possesses one or more crystallographically unique directional
axes. Space groups lacking an inversion center (non-centrosymmetric) are further
divided into polar and chiral types. A chiral space group is one without any ro-
toinversion symmetry elements. Rotoinversion (also called an ‘inversion axis’) is
rotation followed by inversion; for example, a mirror reflection corresponds to a
two-fold rotoinversion. Chiral space groups must therefore only contain (purely)
rotational and translational symmetry. These arise from the crystal point groups
1, 2, 3, 4, 6, 222, 422, 622, 32, 23, and 432. Chiral molecules such as proteins
crystallize in chiral space groups. The term ‘polar’ is often used for those space
groups which are neither centrosymmetric nor chiral. However the term ‘polar’
is more correctly used for any space group containing a unique anisotropic axis.
These occur in point groups 1, 2, 3, 4, 6, m, mm2, 3m, 4mm, and 6mm. Thus some
chiral space groups are also polar. Out of the twenty point groups which show the
piezoelectric effect, the ten polar point groups have only one unique direction axis
and such crystals show spontaneous polarization.

Thus considering symmetry restrictions, all ferroelectric materials are pyroelec-
tric, however not all pyroelectric materials are ferroelectric. Since all pyroelectric
materials are piezoelectric, this means ferroelectric materials are inherently piezo-

electric.
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1.3.2 Origin of ferroelectricity in perovskite oxides

In the ferroelectric perovskites like BaTiO3 and PbTiOs3, the hybridization between
Ti 3d states and O 2p states is responsible for polarization [9]. In both PbTiO3
and BaTiOg3, Ti strongly distorted. Further in PbTiO3, Pb 6s and O 2p states are
strongly hybridized, but Ba 5p does not hybridize with the valence band. The Pb-
O bonding interaction, the smaller ionic radius of Pb?* compared to Ba?*, leads
to a larger strain in PbTiOg3 that reduces some Pb-O distances; the Ti-O repulsion
prevents the volume shrinking enough to stabilize the cubic phase. There is also
an indirect effect on the Ti-O interaction through the Pb-O hybridization. Cohen
et al., based on theoretical calculations, has shown dipolar electron density around
Pb (Pb-O states) with increasing ferroelectric distortions. In contrast, Ba does
not polarize with ferroelectric distortion. Further Cohen et al. described that the
inhibition of Ti-O hybridization makes the ferroelectric instability to disappear and
the cubic phase becomes more stable based on non-empirical model calculations
using the potential induced breathing model which assumes spherical ions and no

covalency.

1.4 Multiferroics

Multiferroics are the materials that exhibit more than one primary ferroic order
parameter simultaneously as defined by H. Schmid in 1994 [10]. Ferromagnetism,
ferroelectricity, ferroelasticity and ferrotoroidicity form the four basic primary fer-
roic order parameters and ferrotoroidicity is still being under debate. However
recently, the definition of multiferroics has been expanded to include non-primary
order parameters, such as antiferromagnetism or ferrimagnetism. It would appear

as contradiction to have a material which is ferroelectric and also ferromagnetic
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or antiferromagnetic, since the former requires empty d-orbitals while the latter
requires d-electrons and therefore, multiferroics are rare in nature. Multiferroic
properties in most materials are actually attained through novel mechanisms, such
as frustrated magnetism, lone-pair effects, charge-ordering and local noncentrosym-
metry.

Most multiferroic materials belong to the group of perovskite transition metal
oxides which includes rare earth manganates (TbMnO3 and HoMn,Os) and ferrites
(LuFey0y4). Other examples are BiMnOg, BiFeO3 and non-oxides such as BaNiF,
and spinel chalcogenides, ZnCrsSes. Apart from single phase multiferroics, com-
posites and heterostructures exhibiting more than one ferroic order parameter are
studied extensively. Some examples include magnetic thin films on piezoelectric
PMN-PT substrates and Metglass/PVDF /Metglass trilayer structures. Besides
scientific interest in their physical properties, multiferroics have potential for ap-
plications in actuators, switches, magnetic field sensors and new types of electronic
memory devices.

Research on multiferroic materials started since 1960s [11]. In most general
sense the field of multiferroics was born from studies of magnetoelectric systems.
Even though the field is known from 1960, a huge leap in the multiferroic research
occurred only after 2000. Recent discovery of large ferroelectric polarization in
epitaxially grown BiFeOj thin films [12] and strong magnetodielectric observed in
orthorhombic ThMnOj [13] and TbMnyOj; [14] re-stimulated activity in the field

of multiferroics.
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1.4.1 Symmetry

As the crystal symmetry plays a key role in ferroelectric properties, it is well clear
that multiferroic property is closely linked to symmetry. The primary ferroic prop-
erties (Table 1.1) can be characterized by their behavior under space and time
inversion. Space inversion, for example, will reverse the direction of polarization
(P), while leaving the magnetization (M) invariant. Time reversal, in turn, will
change the sign of M, while the sign of P remains invariant. Magnetoelectric mul-

tiferroics require simultaneous violation of space and time inversion symmetry.

Table 1.1: Ferroics - symmetry

Symmetry Space Invariant Space Variant
Time Invariant Ferroelastic Ferroelectric
Time Variant Ferromagnetic Ferrotoroidic

1.4.2 Types of multiferroics
1.4.2.1 Lone pair multiferroics

In usual perovskite-based ferroelectrics like BaTiOgs, the ferroelectric distortion
occurs due to the displacement of B-site cation (Ti) with respect to the oxygen
octahedral cage. Here the transition metal ion (Tiin BaTiOj3) requires an empty d
shell since the ferroelectric displacement occurs due to the hybridization between
Ti 3d states and O 2p states. This normally excludes any net magnetic moment
because magnetism requires partially filled d shells. However the partially filled d
shell on the B-site reduces the tendency of perovskites to display ferroelectricity.
In order for the coexistence of magnetism and ferroelectricity (multiferroic),

one possible mechanism is lone-pair driven [15] where the A-site cation drives the
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displacement and partially filled d shell on the B-site contributes to the magnetism.
Examples include BiFeOj3 [16], BiMnOj [17], PbVOj3. In the above materials, the
A-site cation (Bi** and Pb?") has 6s? lone-pair which causes the Bi 6p (empty)
orbital to come closer in energy to the O 2p orbitals. This leads to hybridization
between the Bi 6p and O 2p orbitals and drives the off-centering of cation towards

the neighboring anion resulting in ferroelectricity.

1.4.2.2 Charge ordered multiferroics

In manganates, that are less than half doped, there is a type of charge ordering
that is intermediate between site-centred and bond-centered. Such a state breaks
inversion symmetry and is predicted to be magnetic and ferroelectric [18]. Charge
ordering in the manganates is interesting because charge-ordering is resulting due
to localization of charges therefore it is associated with insulating and antiferro-
magnetic (or paramagnetic) behavior. But double-exchange gives rise to metallicity
along with ferromagnetism. Therefore a competition arises between ferromagnetic
metallic and charge ordered antiferromagnetic insulating states [19]. charge order-
ing can occur in compounds containing ions of mixed valence with geometrical or
magnetic frustration. These ions form a polar arrangement causing improper fer-
roelectricity (i.e. no ionic displacement). If magnetic ions are present, a coexisting
magnetic order can be established and coupled to ferroelectricity. Charge ordered
ferroelectricity is suggested in FesO4 and (Pr,Ca)MnOs [20]. Another prominent
example for a charge ordered multiferroic is LuFe;Oy4, which shows improper ferro-
electricity below 330 K and ferrimagnetic behavior occurs below 240 K [21]. The
arrangement of electrons arises from the charge frustration in a triangular lattice,

with the mixed valence state of Fe2t and Fe3* ions.
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1.4.2.3 Geometrically frustrated multiferroics

Geometric frustrated multiferroicity is related to a structural phase transition at
high temperature. Compounds belong to this important class of multiferroics are
K5SeQy, Csy,Cdl, and hexagonal RMnOg3. These systems are prototypical multifer-
roics which can be understood by competition between local interactions in several
ion sites. For example, in hexagonal manganates, h-RMnO3; (R=Ho-Lu, Y) the
ferroelectric polarization at high temperature is correlated to lattice distortions
through off-centering of ions [22-24]. Geometric frustration gives rise to novel spin
arrangements at low temperature: the spins order in a variety of non-collinear,
e.g. (in-plane) triangular or Kagomé structures in order to relieve the geometric
frustration. The coexistence of ferroelectric and magnetic order occurs together
with a strong coupling between two disparate order parameters. The mechanism
of the ferroelectric ordering in hexagonal RMnOj is still questionable in scientific
community and must be understood before a comprehensive picture of multifer-
roic phenomena in spin frustrated systems can be built. It is still a matter of
debate whether the geometric distortion is the origin of electric polarization or the
off-centering of Mn ions also contributes to the polarization.

Physical properties of geometric multiferroics are dominated by the behavior
of d-shell electrons (es-orbitals) of the transition metal ions and unfilled f-shell
of the rare earth ions. Hexagonal manganates show the largest deviation from
perovskite structure due to the small size of rare-earth ions. Although geometrically
frustrated multiferroics exhibit a simple chemistry, they provide a unique set of
physical properties, such as rich phase diagrams and multiple frustrations. The
strong coupling between ferroelectric and magnetic orders is represented by an

anomaly in the static dielectric constant at magnetic phase transitions.
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1.4.2.4 Magnetically driven ferroelectricity

Magnetically driven multiferroics are insulating materials, mostly oxides, in which
macroscopic electric polarization is induced by magnetic long-range order. A nec-
essary but not sufficient condition for the appearance of spontaneous electric po-
larization is the absence of inversion symmetry. In these materials inversion sym-
metry is broken by magnetic ordering. Such a symmetry breaking often occurs
in so-called frustrated magnets, where competing interactions between spins fa-
vor unconventional magnetic orders. The microscopic mechanisms of magnetically
induced ferroelectricity involve the polarization of electronic orbitals and relative
displacement of ions in response to the magnetic ordering.

Many multiferroics show the cycloidal spiral ordering, in which spins rotate
around an axis perpendicular to the propagation vector of the spiral. The induced
electric polarization is orthogonal to the propagation vector and lies in the spiral
plane. An abrupt change of the spiral plane induced by magnetic field results in
the corresponding rotation of the polarization vector. In DyMnOs, this transition
is accompanied by the 600 % increase of dielectric constant (the giant magnetoca-
pacitance effect) [25]. The microscopic mechanism of magnetodielectric in spiral
multiferroics involves spin-orbit coupling.

E-type antiferromagnet (ortho-HoMnOj): In the presence of strong uniaxial
anisotropy, as in the antiferromagnetic next-nearest neighbor interactions model,
competing interaction can stabilize a periodic collinear spin arrangement of the
up-up-down-down type. Such a spin modulation commensurate with structural or
charge modulation can induce electric polarization via exchange striction mecha-

nism that does not require spin-orbit coupling [26].
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1.4.3 Magnetoelectric effect

The magnetoelectric (ME) effect is a phenomenon of inducing magnetic polarization
by applying an electric field and vice versa. The effects can be linear or/and
non-linear with respect to the applied fields. In general, this effect depends on

temperature. The effect can be expressed in the following form

Pi = O./ijZHj + Zﬁz]sz]Hk + ...
Mi = OéijEEj + EﬁwkEjEk + ...

where P is the electric polarization, M, the magnetization, E and H, the electric and
magnetic fields, and « and [ are the linear and nonlinear ME susceptibilities. The
effect can be observed in single phase and composite materials. Some examples of
single phase magnetoelectrics are CryOj3 [27], and multiferroic materials which show
a coupling between magnetic and electric order parameters. Composite magneto-
electrics are combinations of magnetostrictive and electrostrictive materials, such
as ferromagnetic and piezoelectric materials. The size of the effect depends on the
microscopic mechanism. In single phase magnetoelectrics, the effect can be due
to the coupling of magnetic and electric orders as observed in some multiferroics.
In composite materials the effect originates from interface coupling effects, such as
strain. Some of the promising applications of ME effect are sensitive detection of

magnetic fields, advanced logic devices and tunable microwave filters [27].



CHAPTER 2

Experimental details: synthesis, structure and

properties

This chapter describes various methods of synthesis, structural characterization

and details of the various physical property measurements studied in this work.

2.1 Material synthesis

2.1.1 Solid state reaction

The most widely used method for the preparation of polycrystalline solids is the
direct heating of a mixture of powder starting materials, referred as solid state
reaction method [28]. The reaction temperatures are usually high, often 1000 to
1500 °C, in order for the reaction to occur at appreciable rate. Both thermodynamic
and kinetics factors are important in solid state reaction. Thermodynamic factors
determine whether or not a particular reaction should occur by considering the
change in free energy that are involved, whereas kinetic factors decide the rate of
reaction. In solid state reaction between two solids (powder), the actual reaction
to form the product occurs at the interface. Hence the possible rate controlling
steps in the reaction are transport of matter to the reaction interface, reaction at

the interface and transfer of matter away from the reaction interface.

13



14 Chapter 2.

2.1.2 High pressure and high temperature technique

High pressure and high temperature technique varies from simple opposed anvil
arrangement to more complex designs involving three or four anvils. In this tech-
nique, the sample is effectively squeezed between pistons. Phases synthesized at
high pressures tend to have higher densities than those synthesized at ambient pres-
sure and thus sometimes give rise to unusually high coordination numbers. It is
also possible to stabilize ions in unusual oxidation states, such as Crt, Cr®*, Cu?t,
Ni* and Fe**. Hence this technique is used to prepare unusual crystal structures.
Cubic anvil and belt apparatus, discussed below, are used for the high pressure
and high temperature synthesis of some of the compounds that are reported in this
thesis. The cubic anvil and belt apparatus facilities available at National Institute
of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan has been

utilized for the sample synthesis.

2.1.2.1 Cubic anvil apparatus

Cubic anvil high pressure apparatus has six pistons arranged in a cubic fashion
(RIKEN CAP 07) as shown in figure 2.1. A homogeneous pressure is achieved
for the sample by using this technique when the equal pressures applied in six
directions. The specifications of the instrument used are as follows. The maximum
pressure that can be applied using this instrument is 5.5 GPa (450 tonnes). The
sample can be treated with a maximum temperature of 1350 °C. Figure 2.2 shows
the schematic diagram of the sample preparation procedure using this technique.
The precursor, starting oxide powders mixture, is pelletized and capsulated with
gold. The gold capsule will be covered with a cylinder made using NaCl with 20 %

ZrOs. This cylinder will be again covered with a graphite cylinder and kept inside
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a Pyrophyllite (AlsSi4O19(OH)s) cell through the cylindrical hole. After placing
the graphite cylinder at the centre, both sides of the hole will be covered with
molybdenum plate and stainless ring with pyrophyllite at the centre (Fig. 2.2).
The pyrophyllite cell will be kept in the high pressure apparatus. The desired
pressure for the formation of phase will be applied to the cell. Then follows the
heat treatment for 2 hours. After 2 hours, the heater was switched off and the cell
was allowed to cool to room temperature and the pressure was reduced slowly. The

solid sample was removed from the Au capsule.

Figure 2.1: Cubic anvil apparatus

Using cubic anvil, approximately 0.4 g of sample can be prepared in a single
attempt. In the cell, Pyrophyllite acts as a gasket, graphite is used as heater and
NaCl is a good thermal conductor and at same time provides electrical insulation.
The gold capsule is provided to avoid the reaction of the sample with the cell

materials
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Figure 2.2: Procedure for sample preparation in cubic anvil apparatus

2.1.2.2 Belt apparatus

Figure 2.3: Belt apparatus

Belt apparatus is usually used for large scale synthesis at high pressure and high
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temperature in comparison with cubic anvil. A sample amount of approximately 3
g can be prepared in a single reaction. However the pressure applied to the sample
is only from two sides rather than six sides as in cubic anvil and hence the pressure
homogeneity is difficult to achieve in this technique. The belt apparatus used for
our sample preparation is shown in figure 2.3. The cell preparation for the high
pressure treatment is also similar to that of cubic anvil. With this belt apparatus
a maximum pressure of 7.5 GPa (600 tonnes) and temperature of 1500 °C can be

achieved.

2.1.3 Wet chemical synthesis

Even though solid state reaction is a solvent-less reaction, atomic scale mixing
of reactants is a major drawback of this method and thus sometimes leads to
inhomogeneity in the reaction product. There are various wet chemical methods
in which the mixing of reactants at the atomic scale can be achieved and their
reaction temperatures are low compare to that of solid state reaction method [28].

The sol-gel process is a wet-chemical technique for the synthesis of materials
(typically metal oxides) starting either from a chemical solution (sol short for so-
lution) or colloidal particles (sol for nanoscale particle) to produce an integrated
network (gel). Sol-gel method is probably the oldest soft chemistry route that
enables the synthesis of several oxide materials which is being used even today.
Typical precursors are metal alkoxides and metal chlorides, which undergo hydrol-
ysis and polycondensation reactions to form a colloid; a system composed of solid
particles (size ranging from 1 nm to 1 um) dispersed in a solvent. The sol evolves
and then follows the formation of an inorganic continuous network containing a

liquid phase (gel). Formation of a metal oxide involves connecting the metal cen-
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ters with oxo (M-O-M) or hydroxo (M-OH-M) bridges and therefore generating
metal-oxo or metal-hydroxo polymers in solution. The drying process serves to re-
move the liquid phase from the gel thus forming a porous material, then a thermal
treatment (firing) may be performed in order to favor further polycondensation

and to obtain metal oxide powders.

2.2 Structure and morphology

2.2.1 Structural analysis: Diffraction techniques

Diffraction techniques, such as x-ray, electron and neutron diffraction are a family
of non-destructive analytical techniques which reveal information about the crys-

tallographic structure, chemical composition and physical properties of materials.

2.2.1.1 Powder x-ray diffraction

In powder x-ray diffraction (XRD) technique, the polycrystalline or powdered solid
samples are analyzed to find the crystallographic structure, crystallite size (grain
size) and preferred orientation [28]. This technique is used to identify unknown
substances, by comparing diffraction data against the database maintained by the

International Centre for Diffraction Data (ICDD).

2.2.1.1.1 Bragg’s law

Generally diffraction occurs when x-rays encounter obstacles whose size is compa-
rable with the wavelength of x-ray. If the wavelength is short enough, atoms can
serve as diffraction obstacle. Crystals are regular arrays of atoms. Since x-rays
are waves of electromagnetic radiation, atoms can scatter x-ray waves, primarily

through the atom’s electrons. An x-ray striking an electron produces secondary
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spherical waves emanating from the electron. This phenomenon is known as scat-
tering, and the electron is known as the scatterer. A regular array of scatterers
produces a regular array of spherical waves. Although these waves cancel out one
another in most directions (destructive interference), they add constructively in a

few specific directions determined by Bragg’s law

2dsin 0 = n\ (2.1)

where d is an interplanar distance, 6, Bragg angle, A\, wavelength of the x-ray used
and n is an integer. These specific directions appear as spots on the diffraction pat-
tern, often called reflections. Thus x-ray diffraction results from an electromagnetic
wave (x-ray) impinging on a regular array of scatterers (the repeating arrangement
of atoms within the crystal). X-rays are used to produce the diffraction pattern
because their wavelength A is typically the same order of magnitude (1-100 A) as
the spacing d between planes in the crystal. X-rays interact primarily with the
electron cloud surrounding each atom. The contribution to the diffracted x-ray
intensity is therefore larger for atoms with a large atomic number (Z) than it is for

atoms with a small Z.

2.2.1.1.2 Phase identification

Powder x-ray diffraction is widely used in the identification and characterization
of crystalline solids as each of which produces a distinctive diffraction pattern.
Thus provides a fingerprint for comparison as the positions corresponding to lat-
tice spacing and the relative intensity of the line are indicative of a particular phase
and material. Hence a multi-phase mixture will show more than one pattern su-
perposed allowing for determination of relative concentration. J.D. Hanawalt, an

analytical chemist who worked for Dow Chemical in 1930s, was the first to realize
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the analytical potential of creating a database for x-ray diffraction. Today it is
represented by the Powder Diffraction File (PDF) of the International Centre for
Diffraction Data. These databases are interfaced to a wide variety of diffraction

analysis software and distributed globally.

2.2.1.1.3 Crystallinity

X-ray diffraction produces pattern consist of series of sharp peaks due to the crys-
talline nature of the materials. In the case of amorphous materials (liquids, glasses,
etc.), it produces a broad background signal. Many polymers show semicrystalline
behavior, i.e. a part of the material forms an ordered crystallite by folding of the
molecules. The crystallinity percent in such compounds can be determined using
powder XRD by comparing the integrated intensity of the background pattern to

that of the sharp peaks.

2.2.1.1.4 Lattice parameters

The size and shape of the unit cell of crystalline phase determines the position of a
diffraction peak. Each peak is characteristic of a certain lattice plane and therefore
corresponds to a Miller index. Indexing the peaks for a high symmetry material,
e.g. cubic or hexagonal, is quite easy even for an unknown phase. Complex cases
can be dealt with the indexing programs available, but if the unit cell is very large

and the symmetry is low (triclinic), success is not always guaranteed.

2.2.1.1.5 Phase transitions

Powder x-ray diffraction gives a pattern characteristic of a phase of the material
and hence the transformation of one phase to another of the same material can

be differentiated. Thus the technique can be used to analyze the phase transitions
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of the materials as a function of temperature or pressure. Near the phase tran-
sition, new diffraction peaks will appear or old ones will disappear according to
the symmetry of the new phase. The transition will be sharp and discontinuous
for a first order phase transition, whereas it will be broad and continuous for sec-
ond order. If the material melts, all sharp lines will disappear and replaced by a
broad amorphous pattern. In some cases there will be split or coalesce of peaks,
e.g. if the material undergoes a continuous second order phase transition. In such
cases the symmetry may change, because the existing structure is distorted rather
than replaced by a completely different one. For example the diffraction peaks for
the lattice planes (100) and (001) can be found at two different values of 6 for a

tetragonal phase, but if the symmetry becomes cubic the two peaks will coincide.

2.2.1.1.6 Crystal structure

Crystal structure determination from powder diffraction data is extremely challeng-
ing due to the overlap of reflections in a powder experiment, while comparing to
that of single crystal analysis. Rietveld refinement can be carried out on the powder
XRD data to obtain the refined crystal structural parameters of the material by
using a initial structural model that is similar to the material under investigation.

Section 2.3.1.3 discusses more about the Rietveld refinement

2.2.1.2 Powder neutron diffraction

Neutron diffraction, similar to x-ray diffraction, is a crystallographic method for the
determination of atomic structure of a material. However neutron diffraction is a
very expensive technique as it requires a neutron source. A sample to be examined
is placed in a beam of thermal or cold neutrons and the diffraction intensity pattern

of the sample gives information of the structure of the material. Upon impinging
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on a crystalline sample, neutrons will scatter under a limited number of well-
defined angles according to the Bragg law that describes x-ray diffraction. Neutron
diffraction is a more powerful technique to the solve structure of materials having
light atoms especially hydrogen in hydrides, hydrates and organic moieties and
oxides materials.

The interaction of neutrons with matter is different than x-rays. Neutrons inter-
act directly with the nucleus of the atom rather than the electron cloud surrounding
each atom which happens as in case of x-ray. Hence the contribution of each iso-
tope to the diffraction intensity is different; for example, hydrogen and deuterium
contribute differently. The scattering length varies from isotope to isotope rather
than linearly with atomic number. Thus even in the presence of large Z atoms,
the light (low Z) atoms contribute strongly to the diffraction intensity. The high
resolution data of neutron diffraction helps to obtain very precise values for the
atomic positions in the structure. Although neutrons are uncharged, they carry a
spin and therefore interact with magnetic moments, including those arising from
the electron cloud around an atom. Therefore neutron diffraction can reveal the
magnetic structure of a material. As magnetic scattering is caused by the much
larger electron cloud around the tiny nucleus, it does require an atomic form factor.
Therefore towards higher angles, the intensity of the magnetic contribution to the

diffraction peaks will dwindle.

2.2.1.2.1 Instrumental requirements

For performing a neutron diffraction measurement, a neutron source (nuclear reac-
tor or spallation source) and a neutron detector are required. Normally the sample
quantity used in this technique is relatively large compared to those used in x-ray

diffraction and hence single crystal analysis is less common using this technique.
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The desired neutron wavelength for a measurement can be obtained using crys-
tal monochromators or filters. At a spallation source the time of flight technique
is used to sort the energies of the incident neutrons and in that case no need of

monochromator. A 64 *He counting tubes are used as a neutron detectors.

2.2.1.2.2 High-resolution two-axis diffractometer D2B

The Neutron diffraction data used in this thesis work were collected using D2B
diffractometer at Institut Laue-Langevin in Grenoble, France. D2B is a very high-
resolution powder diffractometer designed to achieve the ultimate resolution, lim-
ited only by powder particle size, but it was built so that an alternative high flux
option, with resolution comparable to that of D1A (old diffractometer), but much
higher intensity, could be chosen at the touch of a button.

The diffractometer D2B is characterized by the very high take-off angle (135°)
for the monochromator, which has a relatively large mosaic spread of 20" to com-
pensate for the corresponding intensity (DI1/1) loss. It is 300 mm high, focusing
vertically onto about 50 mm; this large incident vertical divergence is matched
by 200 mm high detectors and collimators. A complete diffraction pattern is ob-
tained after about 100 steps of 0.025° in 26, since the 64 detectors are spaced at
2.5% intervals. Such scans take typically 30 minutes; they are repeated to improve
statistics.

D2B is well suited for the Rietveld refinement of relatively large structures,
such as zeolites with absorbed molecules. It has as well proved successful for the
solution of some of the new ‘quasi-crystalline’ materials. It was also designed for
work on magnetism and high resolution of very large d-spacings using wavelengths
of between 2.4 and 6 A. Wavelengths can easily be changed under computer control,

since they are all obtained by a simple rotation within the Ge[hhl] plane. A large
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graphite filter can be switched to provide a very clean beam at 2.4 A and a cold

Be-filter can be used for longer wavelengths.

Table 2.1: D2B diffractometer details

Monochromator

28 Ge[115] crystal

sof 1x5x1cm?

take-off-angle

135°

Germanium [hkl]

wavelengths \/A

557 1.051

337 1.277

551 1.464

335 1.594 (optimum \)

331 2.398

113 3.152

flux at sample A 10° high resolution

A =1.594 A A 107 high intensity
Sample

beam size at sample 2 x 5 cm?

angular range

5o < 20 < 165°
0° < w < 360°

Detectors

64 3He counting tubes

background without sample | 0.1 Hz
Sample environment
cryostat 1.5-300 K
cryofurnace 1.5-525 K
furnace 200 - 1000 K
dilution cryostat 50 - 4000 mK

pressure cell

2 GPaand 4 - 300 K
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2.2.1.3 Rietveld refinement

Rietveld refinement is a technique devised by Hugo Rietveld for use in the charac-
terization of crystalline materials [29]. The neutron and x-ray diffraction of powder
samples results in a pattern characterized by peaks in intensity at certain angles,
260. The height, width and position of these peaks can be used to determine many
aspects of the materials structure. The Rietveld method uses a least squares ap-
proach to refine a theoretical line profile until it matches the measured profile.
The introduction of this technique was a significant step forward in the diffraction
analysis of powder samples as, unlike other techniques at that time, it was able to
deal reliably with strongly overlapping reflections. The method was first reported
for the diffraction of monochromatic neutrons where the peak position is reported
in terms of the Bragg angle, 26. This terminology will be used here, although the
technique is equally applicable to alternative scales such as x-ray energy or neutron

time-of-flight.

2.2.1.3.1 Peak shape

The shape of a powder diffraction peak is influenced by the characteristics of the
beam, experimental arrangement and the sample size and shape. In the case of
monochromatic neutron sources, the convolution of the various effects has been
found to result in a peak almost exactly Gaussian in shape. If this distribution is

assumed then the contribution of a given peak to the profile y; at position 26; is:

y =1 {—4ln (H%) (20, — 29k)2} (2:2)

where Hy, is the full width at half-maximum, 26y, the centre of the peak and I is

the calculated intensity of the peak (determined from the structure factor, Lorentz
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factor and multiplicity of the reflection). At very low diffraction angles the peaks
may acquire an asymmetry due to the vertical divergence of the beam. Rietveld

used a semi-empirical correction factor to account for this asymmetry

2.
tan Gk ( 3>

o 2
AS _1_ lSP(QQZ 2014:) :|

where P is the asymmetry factor and s is 41,0 and -1 depending on the difference,
20;-20,, being positive, zero and negative respectively. At a given position more
than one diffraction peak may contribute to the profile. The intensity is simply the

sum of all peaks contributing at 26,.

2.2.1.3.2 Peak width

The width of the diffraction peaks are found to broaden at higher Bragg angles.

This angular dependency is represented by
H} = Utan®0), + Vtan @, + W (2.4)

where U, V and W are the halfwidth parameters and can be refined during the fit.

2.2.1.3.3 Refinement

In Rietveld method, the atomic positions, isothermal parameters and preferred ori-
entation parameter can be refined. The principle of Rietveld method is to minimize
a function M which represents the difference between a calculated profile y(calc)

and the observed data y(obs). Rietveld defined such an equation as:

1 2
M=>"W {yi-’bs - Eyf“l} (2:5)
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where W; is the statistical weight and c is an overall scale factor such that y*¢ =

obs

cy

2.2.2 Morphology: Scanning electron microscopy

Scanning electron microscope (SEM) is one of the most versatile and widely used
tools of modern science as it allows the study of morphology and composition of
the materials. By scanning an electron probe across a specimen, high resolution
images of the morphology or topography of a specimen, with great depth of field,
at very low or very high magnifications can be obtained. SEM uses a focussed
electron beam to scan small areas of solid samples. Secondary electrons emitted
from the sample are collected to create an area map of the secondary emissions.
Since the intensity of secondary emission is very dependent on local morphology,
the area map is a magnified image of the sample. The SEM also produces images
of high resolution, which means that closely spaced features can be examined at a
high magnification.

SEM consists of an electron gun, electron lenses, a scanning system and an
electron detector [30]. The electron gun provides a source of electrons. In a typical
SEM, an electron beam is thermionically emitted from an electron gun fitted with a
tungsten filament cathode. Tungsten is normally used in thermionic electron guns
because it has the highest melting point and lowest vapour pressure of all metals,
thereby allowing it to be heated for electron emission. Other types of electron
emitters include are lanthanum hexaboride (LaBg) cathodes and field emission guns
(FEG). FEG may be a cold-cathode type using tungsten single crystal emitters or
a thermally-assisted Schottky type using emitters of zirconium oxide.

Back-scattered electrons (BSE) are the electrons that are reflected from the
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sample by elastic scattering. BSE are often used in analytical SEM along with
the spectra made from the characteristic x-rays. Because the intensity of the BSE
signal is strongly related to the atomic number (Z) of the specimen, BSE images
can provide information about the distribution of different elements in the sample.
Characteristic x-rays are emitted when the electron beam removes an inner shell
electron from the sample, causing a higher energy electron to fill the shell and
release energy. These characteristic x-rays are used to identify the composition
and measure the abundance of elements in the sample.

For imaging in the conventional SEM, specimens must be electrically conduc-
tive, at least at the surface, and electrically grounded to prevent the accumulation
of electrostatic charge at the surface. Nonconductive specimens tend to charge
when scanned by the electron beam and especially in secondary electron imaging
mode, this causes scanning faults and other image artifacts. They are therefore
usually coated with an ultrathin electrically-conducting material, commonly gold,
deposited on the sample. Coating prevents the accumulation of static electric
charge on the specimen during electron irradiation.

A field-emission cathode in the electron gun of a SEM provides narrower prob-
ing beams at low as well as high electron energy, resulting in both improved spatial
resolution and minimized sample charging and damage. Field-emission scanning
electron microscope (FESEM) produces clearer, less electrostatically distorted im-
ages with spatial resolution down to 11/2 nm which is 3 to 6 times better than
conventional SEM. Smaller-area contamination spots can be examined at electron
accelerating voltages compatible with energy dispersive x-ray spectroscopy. Re-
duced penetration of low kinetic energy electrons probes closer to the immediate
material surface. High quality and low voltage images are obtained with negligi-

ble electrical charging of samples (accelerating voltages range from 0.5 to 30 kV)
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and the need for placing conducting coatings on insulating materials is virtually

eliminated.

2.3 Physical property measurements

2.3.1 Dielectric measurements

A material is classified as “dielectric” if it has the ability to store energy when an
external electric field is applied [31]. The dielectric material increases the storage
capacity of the capacitor by neutralizing charges at the electrodes, which ordinarily
would contribute to the external field. The capacitance with the dielectric material
is related to dielectric constant. If a DC voltage source V is placed across a parallel
plate capacitor (Fig. 2.4), more charge is stored when a dielectric material is
between the plates than if no material (a vacuum) is between the plates.

C and () are capacitance with and without dielectric. x" = €. is the real dielectric

c,-2 ®
A
C=C,« CV) tI@D(D@@@@@

K=g ==
E c, é

Figure 2.4: Parallel plate capacitor, DC case

constant or permittivity and A and t are the area of the capacitor plates and the
distance between them (Fig. 2.4). The dielectric material increases the storage

capacity of the capacitor by neutralizing charges at the electrodes, which ordinarily
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Figure 2.5: Parallel plate capacitor, AC case

would contribute to the external field. The capacitance of the dielectric material
is related to the dielectric constant as indicated in the above equations. If an AC
sinusoidal voltage source V is placed across the same capacitor (Fig. 2.5), the
resulting current will be made up of a charging current I. and a loss current I; that
is related to the dielectric constant. The losses in the material can be represented
as a conductance (G) in parallel with a capacitor (C).

The complex dielectric constant x consists of a real part ' which represents
the storage and an imaginary part x” which represents the loss. The following

notations are used for the complex dielectric constant interchangeably:

k=K' =¢, =¢,. (2.6)

From the point of view of electromagnetic theory, the definition of electric displace-

ment (electric flux density) Dy is:

Dy =¢E (2.7)

where € = £* = g¢¢, is the absolute permittivity (or permittivity), e, is the relative

permittivity, eg = (1/367) x 107 F/m is the free space permittivity and E is the
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electric field. Permittivity describes the interaction of a material with an electric

field, E and is a complex quantity.
K=—=¢, =€, — jer (2.8)

Dielectric constant (k) is equivalent to relative permittivity (e,) or the absolute

permittivity (e) relative to the permittivity of free space (g9). The real part of

/

') is a measure of how much energy from an external electric field

permittivity (e

is stored in a material. The imaginary part of permittivity (/) is called the loss

factor and is a measure of how dissipative or lossy a material is to an external

7
r

electric field. The imaginary part of permittivity (¢”) is always greater than zero

and is usually much smaller than (¢/.). The loss factor includes the effects of both
dielectric loss and conductivity. When complex permittivity is drawn as a simple
vector diagram (Fig. 2.6), the real and imaginary components are 90° out of phase.
The vector sum forms an angle ¢ with the real axis (g/.). The relative “lossiness”

of a material is the ratio of the energy lost to the energy stored.

"

&
tan8=—7=D=l
&, Q

_ _Energy Lost per Cycle
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Figure 2.6: Loss tangent vector diagram

The loss tangent or tand is defined as the ratio of the imaginary part of the

dielectric constant to the real part. D denotes dissipation factor and @ is quality
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factor. The loss tangent tand is tangent loss or dissipation factor. Sometimes the
term “quality factor or ()-factor” is used with respect to an electronic microwave
material, which is the reciprocal of the loss tangent. For very low loss materials,
since tand = 0, the loss tangent can be expressed in angle units, milliradians or
microradians.

A material may have several dielectric mechanisms or polarization effects that
contribute to its overall permittivity (Fig. 2.7). A dielectric material has an ar-
rangement of electric charge carriers that can be displaced by an electric field. The
charges become polarized to compensate for the electric field such that the positive

and negative charges move in opposite directions.
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Figure 2.7: Frequency response of dielectric mechanisms

At the microscopic level, several dielectric mechanisms can contribute to di-
electric behavior. Dipole orientation and ionic conduction interact strongly at mi-
crowave frequencies. Water molecules, for example, are permanent dipoles, which
rotate to follow an alternating electric field. These mechanisms are quite lossy

which explains why food heats in a microwave oven. Atomic and electronic mecha-



2.3 Physical property measurements 33

nisms are relatively weak and usually constant over the microwave region. Each di-
electric mechanism has a characteristic “cutoff frequency”. As frequency increases,
the slow mechanisms drop out in turn, leaving the faster ones to contribute to &’.
The loss factor (¢”) will correspondingly peak at each critical frequency. The mag-
nitude and “cutoff frequency” of each mechanism is unique for different materials.
Water has a strong dipolar effect at low frequencies but its dielectric constant rolls
off dramatically around 22 GHz. Teflon, on the other hand, has no dipolar mech-
anisms and its permittivity is remarkably constant well into the millimeter-wave
region. A resonant effect is usually associated with electronic or atomic polariza-

tion. A relaxation effect is usually associated with orientation polarization.

2.3.2 Ferroelectric hysteresis

Ferroelectric hysteresis is a measure of polarization induced due to the applied
electric field. The hysteresis measurement is the most general and common tool
for characterizing a ferroelectric sample [32].

The ferroelectric measurements of this thesis work has been carried out using
Radiant Technologies Precision Workstation In this measurement, a voltage wave-
form is applied to the sample in a series of voltage steps. At each voltage step, the
current induced in the sample by the voltage step is integrated and the integral

value is captured and converted into polarization (uC/cm?)

pC Q  CV  Integrator Volts x Sense Capacitor
em?  Area  Area Sample Area

(2.9)

The voltage waveform is normally a standard bipolar triangular waveform that can
be simply defined by providing the maximum voltage and the entire duration of the

waveform in milliseconds. The sign of the voltage indicates the direction of the first
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leg of the waveform. The number of points is controlled primarily by the duration
of the waveform, though it may also be adjusted by the voltage. The software
automatically computes the number of points and provides the maximum number
possible for the conditions specified. The waveform begins at 0 V and steps to a
maximum value of the assigned voltage. It then proceeds to step to the negative
of the assigned maximum. Finally it steps back to 0 V. A DC bias level may
be assigned that will allow the entire waveform to be shifted from 0 V symmetry
without losing the waveform symmetry. Note that care must be taken that at
no time do the combination of the DC bias level and the step voltage exceed the
capabilities of the Precision hardware configuration. The entire Standard Bipolar

waveform structure is shown in figure 2.8.

Standard Bipolar Waveform
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Figure 2.8: Standard Bipolar waveform

In these examples, the number of points is first set to the maximum of 1001.

Then, if the duration is too short, the number is reduced to the point where the
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minimum step delay times the number of points is near the duration. A low voltage
may also influence the number of points downward as the minimum voltage step
must be observed. Finally, the duration itself will be adjusted so that it can
accommodate an exact integer number of minimum step delays. The step delay
is consistent between points and is the duration of the waveform divided over the
number of steps (Points - 1). The voltage step is equal to four times the maximum
voltage divided over the number of steps. The integrated value is sampled at the
end of the step delay, just before the next voltage step is taken.

The standard bipolar waveform produces five derived parameters of interest.

These are:

Pisa.: Polarization at the maximum applied voltage. Note that this will be the

polarization at +5 V in both the examples.

+P,: Polarization at zero volts when voltage is moving from positive to negative.

If Vrae is negative, this will be the polarization at the final sample point.

-P,: Polarization at zero volts when voltage is moving from negative to positive.

If Vysae is positive, this will be the polarization at the final sample points.

+V,.: Voltage at which polarization is zero when switching from negative to posi-

tive.

-V.: Voltage at which polarization is zero when switching from positive to negative.

2.3.3 DC Magnetic Measurements

Various magnetometers have been devised to study magnetic materials. Vibrating

sample magnetometer (VSM) is one among the instruments that are used relatively
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widespread for magnetic measurements. Since its invention forty years ago, it
has become the workhorse in both laboratory and production environments for
measuring the basic magnetic properties of materials as a function of magnetic
field and temperature. Computer control and automation was introduced to the
VSM two decades ago, but otherwise there have been no major advancements in
performance until quite recently.

The VSM employs an electromagnet which provides the magnetizing field (DC),
a vibrator mechanism to vibrate the sample in the magnetic field and detection coils
which generate the signal voltage due to the changing flux emanating from the
vibrating sample. The output measurement displays the magnetic moment M as a
function of the field H. The magnetic field is usually generated by an electromagnet
driven by a DC bipolar power supply. If extremely high magnetic fields are required
(> 3 T), the electromagnet is replaced by a superconducting solenoid [33].

The voltage V measured across the sensing coils in a VSM can be expressed as

the product of four contributing sources:

V=MxAxFxS (2.10)

where,

M = magnetic moment of the sample,
A = amplitude of vibration,

F = frequency of vibration and

S = sensitivity function of the sensing coils.
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2.3.4 AC Magnetic Measurements

AC magnetic measurements, in which an AC field is applied to a sample and
the resulting AC moment is measured, are an important tool for characterizing
magnetic materials [33]. Since the induced sample moment is time-dependent,
AC measurements yield information about magnetization dynamics which are not
obtained in DC measurements, where the sample moment is constant during the
measurement time. AC magnetic measurements of this thesis work were carried
out using Physical Property Measurement System (PPMS) of Quantum Design,
USA.

In AC magnetic measurements, a small AC drive magnetic field is superimposed
on the DC field, causing a time-dependent moment in the sample. The field of the
time-dependent moment induces a current in the pickup coils, allowing measure-
ment without sample motion. The detection circuitry is configured to detect only
in a narrow frequency band, normally at the fundamental frequency of the AC
drive field.

In order to understand what is measured in AC magnetometry, first consider
very low frequencies where the measurement is most similar to DC magnetometry.
In this case the magnetic moment of the sample follows the M(H) curve that would
be measured in a DC experiment. As long as the AC field is small, the induced
AC moment is Myc = (dM/dH) - Hae sin(wt), where Hye is the amplitude of
the driving field, w, the driving frequency and x = dM/dH is the slope of M(H)
curve, called susceptibility. The susceptibility is the quantity of interest in AC
magnetometry.

As the DC applied magnetic field is changed, different parts of the M(H) curve

are accessed, giving a different susceptibility. One advantage of the AC measure-
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ment is already evident: the measurement is very sensitive to small changes in
M(H). Since the AC measurement is sensitive to the slope of M(H) and not to
the absolute value, small magnetic shifts can be detected even when the absolute
moment is large.

At higher frequencies than those considered above, the AC moment of the sam-
ple does not follow along the DC magnetization curve due to dynamic effects in
the sample. For this reason, the AC susceptibility is often known as the dynamic
susceptibility. In higher frequency case the magnetization of the sample may lag
behind the drive field, an effect that is detected by the magnetometer circuitry.
Thus the AC magnetic susceptibility measurement yields two quantities: the mag-
nitude of the susceptibility, xy and the phase shift, ¢ (relative to the drive signal).
Alternately one can think of the susceptibility as having an in-phase or real compo-
nent X’ and an out-of-phase or imaginary component x”. The two representations

are related by

X' =xcosg X = VX2 + X"

= (2.11)
X" = xsinp ¢ = arctan(x"/x’)

In the limit of low frequency, where AC measurement is most similar to a DC
measurement, the real component x’ is just the slope of the M(H) curve discussed
above. The imaginary component, y” indicates dissipative processes in the sam-
ple. In conductive samples the dissipation is due to eddy currents. Relaxation
and irreversibility in spin-glasses give rise to a nonzero Y”. In ferromagnets a
nonzero imaginary susceptibility can indicate irreversible domain wall movement
or absorption due to a permanent moment. Also both y’ and x” are very sensitive

to thermodynamic phase changes and are often used to measure transition temper-
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atures. AC magnetometry allows one to probe all of these interesting phenomena.
Typical measurements to access this information are x vs. temperature, y vs.
driving frequency, y vs. DC field bias, x vs. AC field amplitude and harmonic

measurements.

2.3.5 Heat capacity

Heat capacity (C,) is the measure of heat energy required to increase the tem-
perature of an object by a certain temperature interval [33]. Heat capacity is an
extensive property because its value is proportional to the amount of material in
the object; for example a bathtub of water has a greater heat capacity than a cup of
water. Heat capacity is usually expressed in units of J/K. Heat capacity measure-
ments of this thesis work were carried out using Physical Property Measurement
System (Quantum Design, USA). The Quantum Design Heat Capacity measures

the heat capacity at constant pressure,

Cp = (j—?)p (2.12)

As with other techniques for measuring heat capacity, the Quantum Design Heat
capacity option controls the heat added to and removed from a sample while mon-
itoring the resultant change in temperature. During a measurement, a known
amount of heat is applied at constant power for a fixed time and then this heating
period is followed by a cooling period of the same duration.

In the heat capacity measurement puck a platform heater and platform ther-
mometer are attached to the bottom side of the sample platform (Fig. 2.9). Small
wires provide the electrical connection to the platform heater and platform ther-

mometer and also provide the thermal connection and structural support for the
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Figure 2.9: Thermal connections to sample and sample platform in the heat ca-
pacity measurement

platform. The sample is mounted to the platform by using a thin layer of apiezon
grease, which provides the required thermal contact to the platform. Sufficient vac-
uum is created so that thermal conductance between the sample platform and the
thermal bath is totally dominated by the conductance of the wires. This gives a re-
producible heat link to the bath with a corresponding time constant large enough
to allow both the platform and sample to achieve sufficient thermal equilibrium
during the measurement.

Different measurement techniques [34] are optimized for different sample sizes
and accuracy requirements. The Quantum Design Heat Capacity option uses a
relaxation technique that combines the best measurement accuracy with robust
analysis techniques. After each measurement cycle (which is a heating period fol-
lowed by a cooling period), the heat capacity option fits the entire temperature
response of the sample platform to a model that accounts for both the thermal
relaxation of the sample platform to the bath temperature and the relaxation be-
tween the platform and the sample itself [35]. The effect of the relaxation between
the sample platform and sample must be considered when the thermal connection

shared by the sample and platform is poor. By modeling this effect, the software
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can report the correct heat capacity values despite such poor contact.

2.3.6 Vibrational spectroscopy: Infrared and Raman

Infrared (IR) and Raman spectroscopy are spectroscopic tools used in identifying
the characteristic vibrational modes of the samples. In general atoms are known to
vibrate in solids at frequencies of approximately 10'? to 10*® Hz. The vibrational
modes, involving pairs or groups of bonded atoms, can be excited to higher energy

states by absorption of radiation of appropriate frequency.

2.3.6.1 Infrared spectroscopy

The infrared portion of the electromagnetic spectrum is divided into three regions;
the near-, mid- and far- infrared, named for their relation to the visible spectrum.
The far-infrared, approximately 400-10 cm~! (30-1000 pym), lying adjacent to the
microwave region, has low energy and may be used for rotational spectroscopy. The
mid-infrared, approximately 4000-400 cm™~! (1.4-30 um), may be used to study the
fundamental vibrations and associated rotational-vibrational structure. The higher
energy near-IR, approximately 14000-4000 cm ™! (0.8-1.4 um), can excite overtone
or harmonic vibrations. The names and classifications of these subregions are
merely conventions. They are neither strict divisions nor based on exact molecular
or electromagnetic properties.

Infrared spectroscopy exploits the fact that molecules have specific frequencies
at which they rotate or vibrate corresponding to discrete energy levels (vibrational
modes). These resonant frequencies are determined by the shape of the molecular
potential energy surfaces, the masses of the atoms and by the associated vibronic

coupling. In order for a vibrational mode in a molecule to be IR active, it must
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be associated with changes in the permanent dipole. In particular, in the Born-
Oppenheimer and harmonic approximations, i.e. when the molecular Hamiltonian
corresponding to the electronic ground state can be approximated by a harmonic
oscillator in the neighborhood of the equilibrium molecular geometry, the resonant
frequencies are determined by the normal modes corresponding to the molecular
electronic ground state potential energy surface. Nevertheless, the resonant fre-
quencies can be in a first approach related to the strength of the bond and the
mass of the atoms at either end of it. Thus the frequency of the vibrations can be

associated with a particular bond type.

2.3.6.2 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used in condensed matter physics
and chemistry to study vibrational, rotational and other low-frequency modes in
a system. It relies on inelastic scattering or Raman scattering of monochromatic
light, usually from a laser in the visible, near infrared or near ultraviolet range.
The laser light interacts with phonons or other excitations in the system, resulting
in the energy of the laser photons being shifted up or down. The shift in energy
gives information about the phonon modes in the system. Infrared spectroscopy
yields similar, but complementary information.

Typically a sample is illuminated with a laser beam and the light from the il-
luminated spot is collected with a lens and sent through a monochromator. Wave-
lengths close to the laser line, due to elastic Rayleigh scattering, are filtered out
while the rest of the collected light is dispersed onto a detector.

The Raman effect occurs when light impinges upon a molecule and interacts
with the electron cloud of the bonds of that molecule. The incident photon excites

one of the electrons into a virtual state. For the spontaneous Raman effect, the
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molecule will be excited from the ground state to a virtual energy state and relax
into a vibrational excited state, which generates Stokes Raman scattering. If the
molecule was already in an elevated vibrational energy state, the Raman scattering
is then called anti-Stokes Raman scattering. A molecular polarizability change
or amount of deformation of the electron cloud with respect to the vibrational
coordinate is required for the molecule to exhibit the Raman effect. The amount
of the polarizability change will determine the Raman scattering intensity, whereas

the Raman shift is equal to the vibrational level that is involved.






CHAPTER 3

Structural and dielectric studies on Bi(Al/Ga)O3 o

3.1 Introduction

Ferroelectric materials have been the subject of intensive research owing to their
technological applications. These materials are widely being used in devices such
as, storage capacitors, smart structures in microelectromechanical systems, pyro-
electric detectors and microwave resonators. The well known ferroelectric material
used in many applications is the distorted perovskite (Fig. 3.1), PbZr;_,Ti, O3
(PZT). It has a high Curie temperature (T¢ ~ 360 °C) and exhibits a large elec-
tric polarization due to the influence of the stereochemical activity of Pb: 652 lone
pair electrons [36]. During the last two decades, the impact of our modern lifestyle
on the environment has moved from debates on local environment to global envi-
ronment issues. The word “recycling” is popping up in almost any industry niche
and the electronic industry is no exception. At present the EU-parliament is about
to accept a proposal of completely removing lead from all industries due to the
toxicity of lead, which has adverse effects on the nervous and reproductive systems
of mammals and birds [37]. This decision’s major impact on the electronic indus-
tries is focused on the use of lead-containing solders in their products. But the law
might be formed in a way that will force companies using Pb or other heavy metals
to show that there exists no better material choice than Pb. Thereby, companies

can get a licence to continue the use of Pb in their products. It might be difficult

**Paper based on this work has been published in Solid state commun. 146 (2008) 435.
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though for a company to defend its device, if any other company is manufacturing
the same device with other more environmentally friendly material choices. For ex-
ample: PZT which contains 60 weight percent Pb versus SrBi;TasOg (SBT) which
does not contain Pb. PZT might be affected by these kinds of environmental laws
while SBT may not. However SBT does not have as good polarizability charac-
teristics as PZT. Concerning the environmental issues, may be it is about time
that the new lead-free material has to be discovered with equivalent or superior

properties [36, 38].
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Figure 3.1: Lead zirconate titanate

Figure 3.2 shows the comparison of the piezoelectric charge constants ds3 at
25 °C among lead free ceramics and conventional PZT ceramics as a function of
Curie temperature [38]. To date, the lead-free piezoelectric ceramics that have been
extensively studied belong to the perovskite (e.g. BaTiOs; and (NaBi)TiOj3) and
bismuth-layered (e.g. BiyTi3O19) structures. Besides these two families, piezo-
electricity has also been identified in the ferroelectric tungsten bronze family.

Neurgaonkar et al. have systematically investigated tungsten bronze ferroelectric
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Figure 3.2: Comparison of the piezoelectric charge constants ds3 at 25 °C among
lead free (LF) ceramics and conventional PZT ceramics as a function of Curie
temperature. Recently reported LF series:[(Kq5Nag5)1—,Li,](Nby_,Ta,)Os; LF1,
LF2 and LF3 are (x,y) = (0.06,0), (x,y) = (0.04,0.10), (x,y) = (0.03,0.20). LF4:
(Ko.44Nag 52140.04) (Nbo.gs Tag.105b0.04)O3. LF3T and LF4T: textured ceramics with
the same compositions as LF3 and LF4, respectively. PZT1: Pb(Zrg55Ti9.48)O3.
PZT2: Pbo.ggg(ZI‘O.48T10_52)0.976Nb0.02403. PZT3: Commercially available PZT.
PZT4. [(Pb0.85Ba0.15)0_9925La0_005](Zr0_52Tio_48)Og. Reproduced from [38}

crystals and demonstrated encouraging piezoelectric properties in such compounds
[39, 40]. According to Neurgaonkar et al., calcium-modified strontium sodium nio-
bates, (Sry_,Ca,NaNbsO5, 0.05 < x < 0.35), are thought to be potential lead-free
piezoelectric materials, which exhibit a large piezoelectric constant of ds3 ~ 270
pC N™! [41].

The polarization in PbTiO3 compound is due to the hybridization between the
titanium 3d states and the oxygen 2p states [9]. There is also a strong hybridiza-
tion between lead 6s and O 2p states in this material which has an an indirect
effect on the Ti-O interaction [9]. Similarly in the multiferroic compounds such as
BiMnOj3 and BiFeOs, ferroelectricity originates from the presence of Bi: 6s* lone

pair electrons [17, 20]. A large ferroelectric polarization (~ 90 uC/cm?) was re-
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ported [12] in thin films of BiFeO3 and substantiated on the basis of first-principles
calculations [16]. These facts demonstrate that the Bi** ion with 6s% lone pair
would be an alternate candidate to replace the toxic Pb?*:652 ion in ferroelectric
materials.

However Eerenstein et al. [42] recently described the experimental difficulties
and associated artefacts that arose during the study of thin epitaxial films of the
proposed multiferroic materials BiFeO3 and BiMnOj. The problems experienced
include large leakage currents and charge injection from Nb-doped SrTiOj sub-
strates which are used as bottom electrodes. Charge injection prevents ferroelec-
tric hysteresis loop closure and contributes to the apparent polarization. Leakage
currents also contribute to the apparent polarization, and may help explain the
large range of polarization values reported in the literature. They also show that
magnetoelectric measurements are easily corrupted in the presence of large leak-
age currents. It’s very important that the materials also should have low leakage
current to replace PZT.

Recent theoretical calculations using density functional theory within the local
density approximation predicted that perovskite-like BiAlO3 (BAO) and BiGaOs
(BGO) with Bi*" ions at the A-site will have large ferroelectric polarization and
piezoelectricity [43]. The theoretical calculations shown that BGO will have a sim-
ilar structure to PbTiOj3, although with much stronger tetragonal distortion and
therefore improved ferroelectric properties. BAO shares structural characteristics
with antiferrodistortive PbZrOg, but it is also a ferroelectric with large polariza-
tion. These compounds will likely be an excellent ferroelectric materials with the
largest polarizations known; high Curie temperatures and significant piezoelectric
response. In addition, since the structures of the two end-point compounds are

distinctly different, it is anticipated that a Bi(Ga,Al)O3 solid solution could show
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even higher response properties in the region of the phase boundary between the
two ground-state structures. Therefore it is proposed that the Bi(Al,Ga)O3 system
as a replacement for the widely used piezoelectric material, PZT, that will avoid the
environmental toxicity problems of lead-based compounds. Finally, in both BAO
and BGO, the large distortions from the prototypical cubic structure are driven
by the stereochemical activity of the Bi:6s? lone pair. Since these compounds are
lead-free, it is of importance to verify this prediction experimentally. Here we re-
port the synthesis, structure and physical properties of BAO and BGO samples

prepared at high pressure and high temperature.

3.2 Experimental

A 1:1 ratio of Bi;O3 and Al;O3/GayO3 were used as starting materials to prepare
BAO and BGO. The preparation carried out at ambient pressure and 750 °C was
not resulted in perovskite BAO and BGO phases. Then the samples were prepared
using belt-type high pressure apparatus at 4 GPa and 950 °C. However we found
that still we did get the pure BAO and BGO phases, the details of which discussed
later. Finally we prepared this sample using cubic anvil high pressure apparatus at
4.5 GPa and 800 °C. Prior to this synthesis BioO3 was preheat at 700 °C in oxygen
atmosphere in order to remove BisOsCO3, which was found to be crucial in the
formation of pure phase. Thermogravimetric analysis (TGA) of the commercially
available bismuth oxide indicates that the Bi,O5CO3 converts into Bi; O3 at 700 °C
(Fig. 3.3) that was confirmed by XRD analysis of the heated sample. Preheated
Bi;O3 was kept in a dry box to avoid reformation of oxycarbonate impurities. The
powders of BisO3 and Al;O3/GayO3 were mixed in the glove box, pelletized and

packed inside a gold capsule for cubic anvil high pressure synthesis.
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Figure 3.3: Thermogravimetric analysis of the commercially available bismuth ox-
ide

Phase purity of samples was verified with Rigaku x-ray diffractometer using Cu
Ka radiation. High temperature XRD data of BAO were collected with Bruker D8
Discover diffractometer using Cu Ka radiation in the temperature range of 30 °C to
800 °C in vacuum. Rietveld refinement was carried out on the x-ray data using Full-
prof software [44]. Capacitors were prepared by depositing gold on both sides of the
pellets using DC sputtering on which the ferroelectric measurements were carried
out using Radiant Technologies Precision workstation. Capacitance and dielectric
measurements were carried out using Agilent 4294A Impedance analyzer from 100
Hz to 1 MHz in the temperature range of 30 - 500 °C. Temperature-dependent
Raman spectra of BAO were recorded using LabRAM HR800 Raman spectrome-
ter with an Ar laser (514.5 nm) as the excitation source. Thermogravimetric and
differential thermal analysis (TG-DTA) was carried out (Mettler Toledo, TG-850)
on BAO between room temperature and 700 °C (heating rate = 10 °C/min) in

oxygen atmosphere.
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3.3 Results and discussion

3.3.1 Structural analysis

Our initial attempt to prepare both BAO and BGO at ambient-pressure and 750
°C resulted in Bigs_,(Al/Ga),;O4_, (Fig. 3.4) with the v-Biy O3 structure (Fig.
3.5), having space group 123, rather than the predicted perovskite structure [45].
In Bigg_,M,O40_s with 7-Bi,O3 structure, Bi*T ion occupies the 24 f site in an
unusual heptahedral coordination and M ions occupy the 2a tetrahedral site or
both 2a and 24f site depending upon the composition and the valence state of
M ions [45, 46]. The oxygen ions are distributed over 24 f site and two sets of
8c sites. Even though the compounds with v-BisO3 structure belongs to the non-
centrosymmteric space group 123, they are non-polar and hence the compounds

will be piezoelectric and not ferroelectric.
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Figure 3.4: Observed, calculated and difference x-ray diffraction pattern of
BigyAl;Oy49_s phase.

It has been reported that to prepare perovskite structure with Bi**:6s% lone
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Figure 3.5: BiyysAlyOy9_s Structure

pair at A-site needs high pressure and high temperature treatment except BiFeOs.
Hence we made an attempt to prepare BAO and BGO at high pressure (4 GPa) and
high temperature (950 °C) using belt-type high pressure apparatus. The product
formed with a new phase along with Bigs_,(Al/Ga),;O4_, and Bi;O2COs3.
Meanwhile Belik et al. [47] have reported that the compound BAO prepared
under 6 GPa and at 1000 °C has a distorted perovskite structure while the structure
of BGO, prepared at 1200 °C under 6 GPa, is closely related to pyroxene-like
KVOj; structure. BAO is isotypic with multiferroic perovskite-like BiFeOs and
has octahedrally coordinated AI** ions. BGO has the structure closely related to
pyroxene-like KVO3 with a centrosymmetric orthorhombic symmetry (Pcca). The
GaQ, tetrahedra in BGO are joined by corners forming infinite (GaO3)3~ chains
along the a axis. Bi** ions in BGO have 6-fold coordination. The solid solutions
of BiAl;_,Ga,O3 are found to have a C-centered monoclinic phase structurally
related to PbTiO3. However the dielectric properties of these samples have not

been reported.
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In order to identify the source of Bi;O,CO3 impurity in our samples, we an-
alyzed the commercially available bismuth oxide using powder x-ray diffraction.
This analysis revealed the presence BisO,CO3 secondary phase. Thus the source
of impurity phase in the final products BAO and BGO is the starting material.
Hence commercial Bi;O3 was preheated at 700 °C in order to remove BisO,CO3
impurity as shown in TGA in figure 3.3. Finally we prepared the pure phase of
BAO successfully, however BGO could not be prepared as a pure phase using cubic

anvil high pressure apparatus. These samples were further studied.
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Figure 3.6: Observed, calculated and difference x-ray diffraction patterns of BiAlO;
prepared using cubic anvil high pressure apparatus. Vertical tick marks are
symmetry-allowed reflections and the second row corresponds to the BiggAloO4q_s
secondary phase.

Rietveld refinement of the XRD data of BAO gave a structure with rhombo-
hedral symmetry (space group R3¢) with lattice parameters, a = 5.3747(4) A and
¢ = 13.391(1) A in agreement with the literature [43, 47]. The XRD pattern ob-
tained from the final Rietveld refinement is shown in figure 3.6. A small amount

(5 %) of Bigs_,Al,O49_s phase is present as a secondary phase. The structural
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Figure 3.7: BiAlOj structure

Table 3.1: Structural parameters of BiAlO3 obtained from the Rietveld refinement
of XRD data with the space group R3c. *Fixed parameters

R3¢
a = 5.3763(1)A and ¢ = 13.3959(1) A
Atoms T Yy z B Occupancy
Bi 0 0 0 0.11(1) 1*
Al 0 0 0.2236(3) | 0.11(1) 1*
@) 0.5(2) 0.013(2) 0.9571(5) 1.5* 3*
RBragg = 4.53 % and x* = 8.98

parameters obtained after refinement are shown in table 3.1. Figure 3.7 shows the
BiAlOj3 structure built from the structural parameters obtained from refinement.
The structure shows that AI>* forms octahedral coordination with oxygen and Bi**+
ions are coordinated by twelve neighboring oxygen ions.

It is important to note that we are able to prepare BiAlOj3 at lower pressures
and temperatures comparing to literature work [47] which might have been aided

by the removal of COy from bismuthoxycarbonate present in bismuth oxide by
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Figure 3.8: Observed, calculated and difference x-ray diffraction patterns of
BiGaOg3. Vertical tick marks are symmetry-allowed reflections and the second row
corresponds to the Bigg_,Ga,O4_s and GayO3 secondary phase.

preheating.

Profile matching of the XRD data of BGO fit well with space group Pcca
with lattice parameters, a = 5.4162(2) A, b = 5.1335(3) A and ¢ = 9.9369(5)
A) in agreement with the literature report [47] rather than predicted distorted per-
ovskite structure similar to PbTiO3. The sample also has an impurity phase of
Bigg_»Ga,O49_s of about 20%. The XRD pattern obtained from the profile match-
ing is shown in figure 3.8. The attempt to prepare the solid solution resulted in

the mixture of impurity phases as reported in the literature.

3.3.2 Thermal analysis

Differential thermal analysis (DTA) carried out by heating in the temperature
range 30 - 700 °C is shown in figure 3.9. As noted in DTA, there are two peaks, an

endothermic one at 550 °C and an exothermic one at 580 °C. The cooling curve did
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Figure 3.9: DTA curve of BiAlO3 showing endothermic and exothermic peaks at 550
and 580 °C, respectively. The endothermic peak corresponds to the decomposition
of the high-pressure rhombohedral structure while the exothermic peak indicates
the formation of 7-BiyO3 structure.

not show any anomaly, suggesting that the process associated with the exothermic
peak is irreversible. One can easily miss the endothermic peak unless the DTA
curve is recorded slowly. In the earlier study [47] only an irreversible exother-
mic peak was found around 580 °C and was attributed to the decomposition of
BAO into BiyAl4Oy, Bigg_,Al,O4_s and AlyO3 phases based on the XRD patterns
obtained after heating the sample above 580 °C. Thermal decomposition is an en-
dothermic process while a phase formation can be exothermic. In order to confirm
that the endothermic peak was irreversible, the sample was heated up to 570 °C
and then cooled to room temperature. The XRD patterns of BAO heated at 570
and 600 °C were characteristic of a mixture of BipAl;Og, Bisg_,Al,O40_s and Al5O3
confirming that both the DTA peaks are irreversible. The material heated to 750
°C, however, showed only the latter phases, suggesting that the thermodynami-

cally stable phase is the Bisg_,Al,O4_s, while Bi;Al;O9 may be an intermediate
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one. From these results, we suggest the origin of the endothermic peak to be the
decomposition of the metastable high pressure rhombohedral phase and the subse-
quent formation of the intermediate BisAl;Og. The exothermic peak is associated
with the formation of Bigg_,Al,O49_s which has a large number of atoms per unit
cell than the orthorhombic BisAl;Og. It is noteworthy that we do not observe a
structural transformation of rhombohedral BAO till it decomposes at 570 °C, All
our measurements have been carried out in air or in an oxygen atmosphere. High
temperature XRD data recorded in vacuum (107° bar) indeed show that there was

no structural transformation or decomposition up to 700 °C (Fig. 3.10).
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Figure 3.10: X-ray data collected for BiAlO3 at 30, 500 and 700 °C.

3.3.3 Dielectric studies

Figure 3.11 shows the temperature-dependent real part (x/) of the dielectric re-

sponse of BAO at various frequencies in the temperature range 27 - 600 °C. At
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Figure 3.11: Real part of temperature-dependent dielectric constant of BiAlOj
exhibiting a maximum at the decomposition temperature.
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Figure 3.12: Real part of temperature-dependent dielectric constant of BiGaOs.

room temperature BAO shows a dielectric constant value of 180 for a high fre-
quency of 1 MHz. The dielectric constant at low frequencies has a well-defined
maximum around 550 °C and increases further with increase of temperature above

580 °C. Figures 3.11 and 3.9 suggest that the dielectric maximum corresponds to
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the decomposition temperature of the high-pressure rhombohedral phase and not to
the high-symmetry phase. Furthermore, the dielectric constant exhibits frequency
dispersion over the entire range of temperature employed without any appreciable
shift in the dielectric maximum. The increase in the dielectric constant of BAO
observed above 570 °C is due to the increase in DC conduction with increasing
temperature. The temperature-dependent dielectric constant for BGO is shown in
figure 3.12. The dielectric constant of BGO at room temperature is very low and

shows an increase at high temperature due to DC conduction.

3.3.4 Raman studies on BiAlOj3

Soft mode behavior can give the insight into the phase transition well above (or
below) T¢. Raman and Nedungadi were the first to observe soft modes in the a— 3
transition of quartz which was accompanied by a decrease in the frequency of a
totally symmetric optic mode as the temperature approached the phase transition
temperature from below [48]. Operationally, a soft mode is a collective excitation
whose frequency decreases anomalously as the transition point is reached. While
in a second-order transition the soft-mode frequency goes to zero at T, in a first-
order transition the change of phase occurs before the mode frequency is able to
go to zero [48].

In order to understand the behavior of soft-mode phonons and thermal behav-
ior of the high-pressure rhombohedral phase and the subsequent appearance of
the ambient pressure phase, we have recorded Raman spectra of BAO at various
temperatures. Due to limitations in our instrument, we could record the spectra
only up to 520 °C. BAO, belongs to the point group C$,, has totally 20 modes,

Irotar = DA1 + 5A5 + 10E. One A; and one E modes are acoustic and 5 A, are
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Figure 3.13: Room-temperaute raman spectrum of BiAlO3
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Figure 3.14: Temperature dependence of the frequency and the intensity of various
Raman bands in BiAlOs.
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Raman and infrared inactive. Hence group theoretical analysis of the perovskite
with R3¢ symmetry predicts 13 Raman active modes (I' = 4A; + 9E). These 13
Raman modes exclude transverse and longitudinal splitting of the A; and E modes.
We observe all the 13 modes at room temperature (Fig. 3.13) in agreement with
spectrum reported in the literature [47]. The modes are assigned on the basis of the
Raman studies carried out on BiFeOj single crystal which has similar structure[49].
With increasing temperature, frequencies of all A; modes decrease and the peaks
become broader. The temperature dependence of frequency and intensity of some
of the Raman modes are shown in figure 3.14. The figure reveals that both the fre-
quency and the intensity of the Raman bands decrease with increasing temperature
up to 520 °C. The room temperature Raman spectrum of a sample heated to 600
°C showed a completely different Raman spectrum with 22 modes. This finding
supports the suggestion that the rhombohedral structure decomposes above 550

°C.

3.3.5 Polarization - Electric field loop

The polarization-electric field curve of BAO recorded at room temperature on a
200 pm thin sample using Ag electrode is shown in figure 3.15. The shape of the
curve is typical of ferroelectric material with a maximum polarization value of 16
pC/em? and remanent polarization (P,) of 11.5 uC/cm?. A coercive field of 69
kV/em was obtained for an applied voltage of 2.25 kV with a frequency of 10 Hz.
However the observed polarization value for BAO at room temperature is lower
than that predicted (75.6 uC/cm?) [43] and also calculated using structural data
(32 uC/cm?) [47]. The literature value of polarization reported for bulk BaTiOj is

26 uC/cm? at room temperature which is considerably higher than that observed
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Figure 3.15: Ferroelectric hysteresis of BiAlO3 at room temperature.
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Figure 3.16: Room temperature P-E hysteresis loop of BiGaOj3 at various applies
drive voltage for the pellets of thickness less than 200 pm.

in the BAO system [50]. The remanent polarization of commercial PZT samples
reported by PI Ceramics (PIC 151) is 36 uC/cm? with a coercive field of 9 kV /cm
[51]. Figure 3.16 shows the polarization-electric field curve of BGO recorded at

room temperature on a 150 pm thin sample using Ag electrode. BGO shows a
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linear hysteresis loop indicating that the system is not ferroelectric which is in

accordance to the symmetry restriction for a material to be a ferroelectric.

3.4 Conclusions

Initially, high pressure and high temperature synthesis resulted in formation of
BiAlOj3 phase along with BisO,CO3 impurity phase due to the presence of BioO,CO3
in the commercially available bismuth oxide. A heat treatment at 700 °C converts
BiyO,CO3 into BisO3. BiAlOs with rhombohedral phase (R3c¢) has been success-
fully prepared at a pressure 4.5 GPa and 800 °C by preheating commercial bismuth
oxide. BiAlOj3 has been prepared at lower pressures and temperatures comparing
to literature work which might have been aided by the removal of CO4 from bis-
muthoxycarbonate present in bismuth oxide. BiAlOj3 undergoes an endothermic
transition at 550 °C due to the decomposition of the metastable high pressure
rhombohedral phase and an exothermic transition at 580 °C due to the formation
of Bigg_,Al,O49_s and AlyO3. The exothermic peak is accompanied by a dielec-
tric constant maximum. The material is ferroelectric at room-temperature with a

2 and the Raman bands show decrease in

maximum polarization of ~ 16 uC/cm
frequency and intensity up to 520 °C. BiGaOg, with orthorhombic structure rather
than predicted distorted perovskite structure similar to PbTiO3, shows linear hys-

teresis in accordance with symmetry restriction for a material to be ferroelectric.






CHAPTER 4

Effect of oxygen non-stoichiometry on structural

physical properties of BiMnO;_;"*

4.1 Introduction

Multiferroics constitute a fascinating class of materials of great current interest
today [15, 20, 52-55]. From the point of view of classical ferroelectricity, it would
appear a contradiction to have a material which is ferroelectric and also ferro-
magnetic or antiferromagnetic, since the former requires empty d-orbitals while
the latter requires d-electrons. Multiferroic properties in most materials are ac-
tually attained through novel mechanisms, such as, lone-pair effects, frustrated
magnetism, charge-ordering and local noncentrosymmetry [18, 20, 53-56].

Of the various multiferroics reported in recent years, BiMnO3 occupies a special
place since it is the only material known to-date which is ferroelectric and ferro-
magnetic (Te ~ 105 K), the properties believed to arise from the 6s lone pair and
orbital ordering respectively[17, 57-59]. The reported value of the spontaneous
polarization in BiMnOj is, however, small as also the magnetocapacitance.

BiMnO3; has a highly distorted perovskite-type structure and represents the
high-pressure high-density phase in the ternary Bi-Mn-O system. Heating a mix-

ture of bismuth and manganese oxides in the correct ratio at ambient pressure leads

**Paper based on this work has been published in J. Mater. Chem. 18 (2008) 2191.
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to formation BisMnyO;p and BijsMnOyy phases, whereas at high pressure (> 40
kbar) the formation of the perovskite is favored.

BiMnOg3 has been investigated since 1965 mainly for its unexpected ferromag-
netic behavior [60]. Contrary to LaMnOj3, which undergo A-type antiferromagnetic
ordering (Ty ~ 150 K) [61], BiMnOj is a soft ferromagnetic material with a Curie
temperature (T¢) around 100 K [62]. In 1999, Atou et al. reported that BiMnOg
is related to a heavily distorted perovskite structure with monoclinic symmetry
belonging to the space group C2 using electron diffraction and neutron powder
diffraction [63]. The lattice parameters reported for this phase are a = 9.5323(6)
A, b =5.6064(3) A, ¢ = 9.8535(7) A and 3 = 110.667(5)°. Presence of polarized
Bi 652 lone pair was believed to be responsible for the structural distortion. The

Jahn-Teller distortion and ordering of a vacant d,2_,» orbital of Mn®* has been

~y
suggested to play an important role in the ferromagnetic property [63, 64].
Theoretical calculations predicted that BiMnO3 would exhibit ferroelectricity
at room temperature which makes it as a multiferroic material [15, 65]. Later,
Seshadri et al. pointed out the magnetic behavior of BiMnOj is related to the
stereochemical activity of the 6s2 lone pair of the bismuth ion that plays a funda-
mental role in distorting the structure [17]. In 2002, Bismuth manganate shown
to have ferroelectricty at low temperature both in thinfilm and bulk [57]. The
successful growth of BiMnOj thin films on strontium titanate (STO) substrate
by laser ablation, supplied a further example for the stabilization of a metastable
perovskite by “lattice pressure” in the epitaxial growth [66, 67]. Recently, Chi et
al. showed room temperature ferroelectricity in BiMnOj ceramic [68]. In 2003,
Kimura et al. reported that BiMnOj3 ceramic shows magnetocapacitance near the

ferromagnetic ordering temperature [59]. Further a structural transition from C2

to Pbnm symmetry has been reported around 750-770 K which is ascribed to be
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the ferroelectric transition (Tg) of the system [59].

In 2005, Montanari et al. reported that the metastable bismuth manganate
found to have a polymorph at room temperature using electron diffraction and
high-resolution electron microscopy [69]. The new polymorph has a triclinic (pseu-
dorhombohedral) superstructure with a = 13.62 A b =1366 A, ¢c =13.66 A, a
= 110.0°, § = 108.8° and v = 108.8° and mostly segregated at the grain surface.
Magnetic susceptibility of this second form shown to have a critical temperature
of 107 K, a few degrees above the ferromagnetic transition of the monoclinic C2
form measured at 99 K. This phase is reported to be a high energy polymorph
as it disappearance by reheating the samples at ambient pressure, i.e. kinetically
converts to the usual phase once a sufficient temperature has been achieved. It has
also been reported that the perovskite BiMnOj3, synthesized under high-pressure
conditions, decomposes if heated at ambient-pressure in the temperature range of
500-650 °C. Later Montanari et al. [70] suggested a complex pathway to decom-
position by the formation of different metastable phases depending on the heating
rate, pressure and atmosphere from high-temperature x-ray diffraction, electron
diffraction, thermal analysis and magnetic investigation.

Recently selected area electron diffraction (SAED), convergent beam electron
diffraction (CBED) and the Rietveld method using neutron diffraction data showed
that BiMnOj crystallizes in the centrosymmetric space group C2/c at room tem-
perature [71]. The crystallographic data are a = 9.5415(2) A, b = 5.61263(8) A,
¢ = 9.8632(2) A and # = 110.6584(12)°. Further, it has been shown to undergo a
structural transition to another monoclinic structure (C2/c) with low monoclinic
angle using neutron diffraction data at 550 K and the lattice parameters reported
are a = 9.5866(3) A, b = 5.59903(15) A, ¢ = 9.7427(3) A and § = 108.601(2)°.

By the analysis of Mn-O bond lengths, it has been suggested that the orbital order



68 Chapter 4.

present in BiMnOj3; at 300 K melts above Tpp = 474 K. This first order phase
transition at 474 K has been shown to be accompanied by a jump in magnetization
and small changes in the effective magnetic moment and Weiss temperature, ficss
= 4.69 pp and 0 = 138.0 K at 300-450 K and pterf = 4.79up and 0 = 132.6 K at
480-600 K. SAED analysis confirmed that the sample belongs to C-centered due
to the absence of (h0l) reflection (h = 2n+1 and [ = 2n+1) and has the C glide.
CBED studies confirmed the presence of mirror symmetry. Theoretical calculations
suggested that the ground state of perovskite-structure BiMnOj is centrosymmetric
with space group C2/c and zero ferroelectric polarization. However it is pointed
out that the calculations are for ideal stoichiometric BiMnOgs, which might not
always be achieved experimentally [72].

Recently Kodama et al. [73], based on atomic pair distribution analysis, have
reported that the space group of BiMnOj is indeed C2 wherein atomic shifts of
P2 or P2, domains break a symmetry of the C-center. Later Yokosawa et al.
showed the presence of noncentrosymmetric long-range (C2) and short-range or-
dered structures (P2 or P2;) using the SAED [74].

One of the problems with BiMnOj is also that some of the measurements re-
ported in the literature are on samples containing impurity phases [57, 59]. In view
of the importance of BiMnOs3 as a potential multiferroic material, we have investi-
gating the chemistry of this material in detail. We considered that a possible source
of the problem with BiMnO3 could be related to the stoichiometry of the compound
since there are certain inherent limitations in controlling the oxygen stoichiometry
in the high-pressure synthetic procedure employed for preparing BiMnOsz. The
purity and oxygen stoichiometry of the starting materials play important roles in
deciding the stoichiometry of the final product in such synthesis. It is indeed known

that some BisO,CO3 impurity is always present in BiMnOjs preparations, giving
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rise to oxygen deficiency. As it is known that the structure and physical properties
of many metal oxides will vary depending on the oxygen stoichiometry, we varied
the oxygen content in the bismuth manganate which resulted in identification of a
new orthorhombic bismuth manganate phase. This chapter deals with the effect of

oxygen non-stoichiometry on the structure and properties of BiMnOs.

4.2 Experimental

BiMnOg3_s samples were prepared at 850 °C under a pressure of 4.5 GPa by the
reaction of BiyO3 preheated to 700 °C in oxygen, with an appropriate mixture of
MnO and MnOs, to enable control of the oxygen content. By such a procedure, we
have obtained four BiMnOj3_s phases with different oxygen stoichiometries. The
Bi:Mn ratio of these phases was found to be exactly 1:1 by EDAX analysis.
Phase purity of samples was verified with Rigaku and Bruker D8 Discover x-ray
diffractometers using Cu K, radiation. Rietveld refinement was carried out on the
x-ray data using Fullprof software [44]. Ferroelectric measurements were carried
out on capacitors, prepared by depositing gold on both sides of the pellets using DC
sputtering, using Radiant Technologies Precision workstation. Capacitance and di-
electric measurements were carried out using Agilent 4294A Impedance analyzer
from 100 Hz to 1 MHz in the temperature range of 20 - 360 K. Thermogravimetric
analysis (TGA) was carried out on all BiMnOj3_s samples in a reducing atmosphere
(20 % Hy and 80 % Ar) to determine the oxygen stoichiometry. Rietveld refine-
ments, using Fullprof, were carried out on the neutron diffraction data collected
using D2b instrument with a wavelength A = 1.594 A at Institut Laue Langevin
(ILL), Grenoble, France. Magnetization measurements were carried out with a

vibrating sample magnetometer in Physical Property Measuring System (PPMS,
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Quantum Design, USA). Heat capacity was measured by the relaxation method
between the temperature interval of 2 K and 120 K under zero applied magnetic
field with PPMS. The sample heat capacity was obtained by subtracting out the

addenda contribution from the total heat capacity.

4.3 Results and discussion

4.3.1 Oxygen non-stoichiometry in BiMnO3_5 samples
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Figure 4.1: Thermogravimetric curves of four BiMnOg3_s phases in reducing atmo-
sphere.

By employing precision thermogravimetric analysis (TGA) carried out in a hy-
drogen atmosphere, we have been able to obtain the composition of the four phases,
by making use the fact that BiMnOj gives rise to Bi metal and MnO as final
products on decomposition under reducing atmosphere. In figure 4.1, we show
TGA curves obtained for the four phases in a reducing atmosphere. The compo-

sitions of the four phases obtained by us are BiMnOs g9, BiMnOs g4, BiMnOs g9
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and BiMnOs, g4 with an uncertainty of + 0.02. Prior to the analysis of the present
system, the reduction of Fe,O3 carried out and confirmed the accuracy of the in-

strument.

4.3.2 Structural analysis

The x-ray diffraction (XRD) patterns of the four compositions are shown in fig-
ure 4.2. We see distinct differences between x-ray patterns of BiMnO, g9 and
BiMnOQOgg4. Further the inset clearly shows the change in 260 ~ 32° peak induced
by different oxygen stoichiometry in the sample.

BiMnOs g9 can be assigned an orthorhombic structure with the lattice dimen-
sion (1/2a, X 2a, X \/2a,) similar to that of LaMnOg. It is also possible that the
BiMnOs g9 phase may have a small monoclinic distortion. Figure 4.3 shows the pro-
file matching on x-ray data of orthorhombic BiMnOs g9 phase and the refined lattice
parameter obtained for this near stoichiometric composition are a = 5.5182(4) A,
b = 7.8216(8) A and ¢ = 5.5550(4) A. An orthorhombic phase of BiMnOs has
been reported to occur at high temperatures [75]. Preliminary electron diffraction
analysis showed the presence of a Bi-Mn-O phase having an orthorhombic struc-
ture with a = 5.5052(5) A, b = 11.0997(5) A and ¢ = 15.486(1) A cell parameters.
However the Rietveld refinement using the neutron data for the sample BiMnOs g9
gave a large isothermal parameter(Table 4.1) even though both the orthorhombic
phases were included in the refinement.

The high oxygen-deficient composition, BiMnO, g4, has a monoclinic structure.
The profile matching on x-ray data of BiMnO, g, phase is shown in figure 4.5.
The cell parameters obtained for this phase are a = 9.5272(9) A, b = 5.6048(6)
A, ¢ =9.8391(9) A and B = 110.439(5)° fitted with space group C2/c. Rietveld
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Figure 4.2: X-ray pattern of four BiMnOj3_s phases and the peak corresponding to
260 = 32°.

refinement on neutron data of this sample also gave large isothermal parameters

(Table 4.2) and the fit is shown in figure 4.6. The XRD patterns of BiMnOs g4
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Figure 4.3: Profile matching of x-ray powder diffraction pattern of BiMnOs g9 phase
using /2a, X 2a, X \/2a, parameters. *Unknown peak

2100

ool BiMnO, ,,

700

Intensity (cts)

| ARy
[TUL OO 0 g

[t lﬂ' o "
I'. I'r L 1 z Iv. 1 L 1 L 1

20 40 60 80 100 120 140
26(°)

o

Figure 4.4: Rietveld refinement on powder neutron diffraction data of BiMnOs g9,
collected at room temperature using D2b instrument with A = 1.594 A at the
Institut Laue Langevin (ILL), Grenoble, France. Vertical tick marks are symmetry-
allowed reflections. First row belongs to the phase with Pnma space group and the
second row corresponds to the phase with Pn2;m.
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Table 4.1: Structural parameters for BiMnOs g9 obtained from Rietveld refinement
with the room-temperature neutron diffraction data collected with A\ = 1.594 A.
“Fixed parameters

Pnma
a = 5.5702(5) A b =7.8762(7) A and ¢ = 5.5360(2) A
Atoms z Y z B Occupancy
Bi -0.010(5) | 0.25 0.026(2) 7.4(2) 1*
Mn 0 0 0 5.3(1) 1*
o) 0.495(6) 0.25(2) 0.006(4) 6.8(3) 1.10(3)
o) 0.267(1) 0.0366(6) | 0.761(2) 4.4(1) 1.90(3)
RBraggy = 6.18 % and x? = 3.52
450
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8
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Figure 4.5: Profile matching of x-ray powder diffraction pattern of BiMnOs gy
phase.

and BiMnOs g9 also correspond to a monoclinic structure. All the three monoclinic
structures can be assigned to the C2/c space group, although we cannot entirely
rule out C2 space group. The XRD patterns of BiMnOgg9 and BiMnO, g4 are
similar. Figure 4.7 shows the profile matching on x-ray data of BiMnOs ¢4 phase.
The refined lattice parameter obtained are a = 9.545(1) A, b = 5.5925(6) A, ¢
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Figure 4.6: Rietveld refinement on powder neutron diffraction data of BiMnOs g4,
collected at room temperature using D2b instrument with A\ = 1.594 A at the
Institut Laue Langevin (ILL), Grenoble, France.

Table 4.2: Structural parameters for BiMnOs g4 obtained from Rietveld refinement
with the room-temperature neutron diffraction data collected with A\ = 1.594 A.
*Fixed parameters

C2/c
a =9.5229(5) A b =5.5998(3) A ¢ = 9.8316(5) A and 8 = 110.363(3)°
Atoms x Y z B Occupancy
Bi 0.1357(4) | 0.2218(5) | 0.1286(4) | 1.60(5) 2*
Mn 0 0.213(2) 0.75 1.3(2) 1*
Mn 0.25 0.25 0.5 0.9(2) 1*
o) 0.0948(5) | 0.1798(8) | 0.5800(5) | 1.53(8) 2*
o) 0.1444(5) | 0.5617(7) | 0.3669(7) | 1.69(8) 2*
o) 0.3569(5) | 0.5425(8) | 0.1644(5) | 1.45(7) 2*
RBragg = 12.4 % and x* = 7.62

= 9.740(1) A and B = 108.892(5)° and the obtained lattice parameter are similar

to the high temperature monoclinic phase reported in literature [71]. The x-ray

pattern of BiMnQOs g4 shows the possible presence of the monoclinic phase with
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Figure 4.7: Profile matching of x-ray powder diffraction pattern of BiMnOs g4
phase.
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Figure 4.8: Profile matching of x-ray powder diffraction pattern of BiMnOs gg
phase.

B ~ 110° as an impurity. This may be due to the presence of various phases
with different oxygen stoichiometry. Figure 4.8 shows the profile matching on x-

ray data of BiMnOs g9 phase and the refined lattice parameters obtained are a =
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9.5487(6) A, b = 5.6132(4) A, ¢ = 9.8462(5) A and # = 110.287(3)°. The only
significant difference in the structures of these oxygen-deficient monoclinic phases
is in the monoclinic angle. Bellik et al. [71] have reported the occurrence of two
monoclinic phases of BiMnOj3 as a function of temperature. What we find in
the present study are four room-temperature BiMnOj; phases, differing in oxygen

stoichiometry, obtained by high-pressure synthesis.

4.3.3 Magnetic properties

The temperature variation of magnetic susceptibility of the four compositions are
shown in figure 4.9. Orthorhombic BiMnO,g9 is a canted antiferromagnet (T
= 30 K). There is no heat capacity anomaly at Ty (Fig. 4.10), but magnetic
hysteresis is observed at 5 K with a magnetization value of 2.13 ug/Mn at 5 T.
Further, the temperature dependent zero field susceptibility at various field shows
that the Ty peak disappears at higher field (Fig. 4.11). The magnetic structure of
the orthorhombic BiMnO, g9 appears to be similar to that of LaMnOs; where the
canted antiferromagnetism or weak ferromagnetism is attributed to Dzyaloshinskii-
Moriya interaction [76].

The oxygen-deficient monoclinic BiMnOs g4 shows a sharp ferromagnetic tran-
sition with a T¢ value of ~ 105 K and a magnetization value of 2.59 ug/Mn at
5 T. The values of the coercive field in BiMnO4 99 and BiMnOq g4 are 800 Oe and
80 Oe, respectively. BiMnOsg, and BiMnOs g9 also show ferromagnetic transi-
tions similar to BiMnOg g4 (Fig. 4.9), with a distinct shoulder in the susceptibility
curve around 85 K. The effective paramagnetic moment of BiMnQOy g9 is 4.55 up,
close to the spin-only value of 4.90 for Mn3* (Table 4.3). Table 4.3 shows the

observed and calculated fi.ff, 0p and magnetization(M) value observed at a mag-
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Figure 4.9: Temperature dependent field cooled (FC) susceptibility of four
BiMnO3_;s phases. Magnetic hysteresis curves are shown as insets.

netic field of 7 T for four BiMnOg3_s phases. With increasing oxygen deficiency,

the magnetic moment increases with values of 5.29, 5.30 and 5.4 up respectively
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Figure 4.11: Temperature dependent Zero field (ZFC) susceptibility of BiMnOs gg
for different magnetic field.

for BiMnOg g4, BiMnOg g9 and BiMnOgg4. This is consistent with the presence of
Mn?** (d*) and Mn?** (d®) ions which can give rise to ferromagnetism according to
the Goodenough-Kanamori rules [4, 6, 7]. While BiMnO; g9 and BiMnO, g4 seems

to be clearly monophasic, BiMnOs g4 and BiMnO, g9 may contain domains of two
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magnetic phases as suggested by the shoulder in the magnetic susceptibility data
in the ferromagnetic transition regime. The two domains could indeed have the
space groups C2 and C2/c. Preliminary electron diffraction studies show the pres-
ence of phases belonging to both the C2 and C2/c space groups in these phases.
Considering the XRD and magnetic data of the different phases, it appears that
the actual composition of the bismuth manganate reported in the literature could
be associated with some oxygen non-stoichiometry.

Table 4.3: Observed and calculated picff, 0p and M at H = 7 T for four BiMnOs_;
phases

) Observed Calculated MatH=7T
PIMOs -5 fers (1) pess (15) % (K) (p5/Mn)
BiMnOs g9 4.55 4.92 77.99 2.32
BiMnOs, g4 5.29 5.01 111.96 3.07
BiMnO» g9 5.30 5.12 109.67 3.15
BiMnOggs | 5.40 5.22 111.45 2.60

4.3.4 Dielectric studies

Figure 4.12 shows the temperature dependant dielectric constant of the four BiMn
O3_s phases. BiMn O, g9 shows a dielectric anomaly at 300 K, the dielectric con-
stant reaching a value of ~ 106 at 100 Hz near the maxima. BiMnOj g9 shows a
dielectric anomaly at 340 K, the dielectric constant at the maxima reaching ~ 105
at 100 Hz. We also see a dielectric anomaly in BiMnOs g4 around 320 K, with a
dielectric constant of ~ 104 (100 Hz) near maxima. In contrast to other phases,
BiMnO, g4 phase shows dielectric anomaly around 250 K and the increase of di-
electric constant above 300 K can be attributed to dc conduction. It is important

to mention here that the differential scanning calorimeter analysis of BiMnO; g9
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Figure 4.12: Temperature dependent dielectric constant (real part) of four
BiMnO3_; phases as a function of frequency.

shows a kinetically irreversible transition (Fig. 4.13) just above room tempera-

ture. This may associate with transformation of triclinic structure to monoclinic
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Figure 4.14: Polarization-electric field loop of BiMnOsg9, BiMnO,4, and
BiMnOQ.gg.

as reported in literature [69]. Due to the leakage behavior, the samples show linear
lossy polarization-electric field loop (Fig. 4.14). At this stage we cannot entirely
be sure that ferroelectricity or the multiferroic nature of BiMnOs3_s phases as the

ferroelectric hysteresis measurements at high electric field in low temperatures are
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not possible due to our instrumental limitations.

4.4 Conclusions

BiMnOg is an interesting material where changes in oxygen stoichiometry give
rise to phases with different structures and magnetic properties. We identified a
new bismuth manganate phase with near stoichiometric composition, BiMnQOg gg.
Of the four phases prepared by us, the near-stoichiometry BiMnO, g9 as well as
the oxygen-deficient BiMnO, g4 are monophasic with distinctive structures and
magnetic properties, the former being orthorhombic and the latter monoclinic.
BiMnO, g9 exhibits canted antiferromagnetism while BiMnO, g4 exhibits ferromag-
netism. BiMnOsgs and BiMnOsg9 are also monoclinic and ferromagnetic, but
could contain domains of two closely related phases, possibly differing in oxygen
stoichiometry. Thus, the present study brings out how the properties of BiMnOj3
are more complex than originally believed and that oxygen stoichiometry is likely

to play a crucial role in determining the structures and magnetic properties.






CHAPTER 5

Multiferroic Properties of Nanocrystalline

B&TiOg**

5.1 Introduction

Ferroelectic materials exhibit spontaneous electric polarization that can be switched
to its symmetry equivalent states with applied electric field. Ferroelectric ABOj3
perovskites are not only of fundamental interest but also of technological impor-
tance due to the strong coupling of their polarization with electric and stress fields.
Switchability of the direction of polarization with applied electric field makes them
useful in making non-volatile memories while their sensitivity to stress and strain
fields is responsible for their use in micro-electromechanical systems. It will greatly
widen the range of their applications, if the polarization is coupled with magnetic
field as well. Such magnetoelectric coupling is a fundamentally interesting property
allowed by the symmetry of multiferroic materials that exhibit ferroelectricity and
ferromagnetism under the same physical conditions.

Ferroelectricity in BaTiO3 (BTO) arises from the off-centering of the Ti ions
with respect to a centrosymmetric cubic perovskite crystal. The fact that off-
centering of the B-cation (eg. Ti'") originates from its d° electronic state [15],

contraindicates the possibility of magnetism that arises from local magnetic mo-

“*Paper based on this work has been published in Solid state commun. 149 (2009) 1; Another
manuscript based on this work is under preparation
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ments associated with the occupation of the d-states at the B-site. Thus Multi-
ferroics [10] form a rare class of materials that exhibit magnetoelectric coupling
arising from the coexistence of ferromagnetism and ferroelectricity, with potential
for many technological applications [77, 78].

Over the last decade, an active research on multiferroics has resulted in the
identification of a few routes that lead to multiferroicity in bulk materials [14,
18, 79]. In perovskite materials such as BiMnOjs [57, 65] and BiFeOjs [12, 16]
ferroelectricity arises from the stereochemically active 6s lone-pair of Bi** ions,
and the magnetism originates from interacting spins of the d-electrons of Mn?*
or Fe3* ions. In manganates, such as YMnOs, ferroelectricity is related to the
geometry of its structure. While a superposition of two distinct types of charge
ordering was shown to yield broken centrosymmetry and ferroelectricity in CMR
materials [18, 80] spin cycloids [81], were found to be the source of polarization in
TbMnOj3 [14, 59].

It is known that ferroelectricity is suppressed at the nano-scale due to depolar-
ization fields arising from the bound charges at the surface. For example, ferro-
electricity in BTO nanoparticles disappears below a critical size (40 nm) [82, 83].
On the other hand, recent work has shown that ferromagnetism occurs in nanopar-
ticles of the otherwise nonmagnetic oxides [84], but decreases with increasing par-
ticle size. Magnetism in these nanoparticles, considered to arise from vacancies
at the surface, is suggested to be a universal phenomenon. A recent finding of
ferroelectricity in much smaller (12 nm) nanoparticles of BTO [85] motivated us
to explore the simultaneous occurrence of ferromagnetism and ferroelectricity in
BTO nanocrystalline sample where the former is expected to arise from the sur-
face and the latter from the core. Here, we use a combination of experiment and

first-principles simulations to demonstrate that multiferroic nature emerges in in-
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termediate size nanocrystalline BaTiOg3, ferromagnetism arising from the oxygen
vacancies at the surface and ferroelectricity from the core. A strong coupling be-
tween a surface polar phonon and spin is shown to result in a magnetocapacitance
effect observed at room temperature, which can open up possibilities of new electro-
magneto-mechanical devices at the nano-scale. As the source of ferromagnetism is
believed to be due to surface defects, positron annihilation spectroscopy (PAS) has

been employed to characterize these defects

5.2 Experimental

Nanocrystalline BTO sample was prepared by polymer precursor method using
BaCOj3 and titanium (IV) isopropoxide as starting materials [86, 87]. Stoichio-
metric quantity of titanium (IV) isopropoxide was added to a mixture of ethanol
and acetic acid (3:1 volume ratio) and stirred continuously. After two hours, bar-
ium citrate solution, prepared with required amount of citric acid and BaCOs5, was
added. Polyvinyl alcohol solution was finally added to the mixture and followed
by continuous stirring until the formation of a white sol. The sol was centrifuged
and dried at room temperature. Thermogravimetric analysis of the as-prepared
sample showed that the decomposition of organic components occurs around 500
°C. In order to completely remove the organic part, the sample was heated at 700
°C in oxygen. For characterization of ferroelectricity through measurement of P-E
hysteresis loop, a dense nanocrystalline BTO sample was prepared by pressing the
(40 nm) particles into pellets and heating at 1000 °C for 1 hr. This step yields a
dense nanocrystalline BTO that facilitates the measurement of ferroelectric hys-
teresis loop. Rietveld refinement was carried out using Fullprof software [44] on the

x-ray data collected with Bruker D8 Discover x-ray diffractometers. Magnetization
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measurements were carried out with a vibrating sample magnetometer in Physical
Property Measuring System (Quantum Design, USA). Capacitors were prepared
by depositing gold on both sides of the pellets using DC sputtering. Ferroelectric
measurements were carried out using Radiant Technologies Precision workstation.
Capacitance and dielectric measurements with and without magnetic field were
carried out using Agilent 4294A Impedance analyzer from 100 Hz to 1 MHz in
the temperature range of 20 - 380 K attached to a close-cycle cryocooled NbsSn
superconducting magnet.

Positron annihilation studies were carried out on BTO samples of size 60 nm,
100 nm and 2 pm prepared by heat treatment at 700 °C, 1000 °C and 1200 °C
respectively. For positron annihilation studies a 10 uCi ?2Na source of positrons
(enclosed between 2 pm thin nickel foils) has been sandwiched between two identi-
cal and plane faced pellets [88-90]. The positron annihilation lifetimes have been
measured with a fast-slow coincidence assembly. The detectors are 25-mm-diam
x 25-mm-long cylindrical BaF'y scintillators optically coupled to Philips XP2020Q
photomultiplier tubes. The resolving time (full width at half maximum ~ FWHM)
measured with a %°Co source and with the windows of the slow channels of the
fast-slow coincidence assembly set to select pulses corresponding to 300 keV to 550
keV in one channel and 700 keV to 1320 keV in the other, is 250 ps. For each
positron annihilation lifetime spectrum about 10° coincidence counts have been
recorded. Measured positron annihilation lifetime spectra have been analyzed by
computer programme PATFIT-88 [91] with necessary source corrections to evalu-
ate the possible lifetime components 7;, and their corresponding intensities I;. For
the coincidence Doppler broadening of annihilation y-radiation (CDBAR) measure-
ment, two identical HPGe detectors (Efficiency : 12 % ; Type : PGC 1216sp of

DSG, Germany) having energy resolution of 1.1 keV at 514 keV of ®Sr have been
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used as two 511 keV ~- ray detectors. The CDBAR spectrum have been recorded
in a dual ADC based - multiparameter data acquisition system (MPA-3 of FAST
ComTec, Germany). The peak to background ratio of this CDBAR measurement
system, with + AE selection, is ~ 10°:1 [92, 93]. CDBAR spectra have been also

analyzed by constructing the ratio curve [93-96].

5.3 Results and discussion

5.3.1 Morphology and structure

™

200 nm ' 106@ c:(;:,,ﬂ "0 spomsd 1200 °C

Figure 5.1: FESEM image of the BTO sample heated to (a) 700 °C (40 nm) (b)
1000 °C (300 nm) and (c) bulk BTO sample obtained by sintering the nanoparticles
at 1200 °C.

FESEM image of samples heated at 700 °C and 1000 °C show rods containing
assemblies of nanoparticles with an average diameter - 40 nm (Fig. 5.1a) and a
dense nanocrystalline BTO sample (Fig. 5.1b) with an average diameter of about
300 nm respectively. The FESEM image of the bulk BTO sample (Fig. 5.1c),
obtained by sintering the pressed nanoparticles at 1200 °C, shows the grain size
to be around ~ 2um. Room-temperature x-ray diffraction pattern of all the three

samples showed the tetragonal (P4mm) structure, with the lattice parameters, a

= 4.0047(2) A and ¢ = 4.0226(4) A, a = 3.9968(1) A and ¢ = 4.0298(1) A and a
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= 3.9951(1) A and ¢ = 4.0377(1) A, respectively (Table 5.1). The increase in c¢/a
ratio with particle size is consistent with increasing tetragonality and magnitude

of off-center distortion of Ti-ions from their cubic symmetry [97].

Table 5.1: Cell parameters and Ti-O bond lengths for BaTiO3 sample heated at
different temperature.

P/imm
Parameter 700 °(40 nm) 1000 °C (300 nm) | 1200 °C (2 pm)
a (A) 4.0071(1) 3.9980(2) 3.9951(1)
¢ (A) 4.0273(2) 4.0311(2) 4.0377(1)
Ti-O(1) (A) 2.02(6) 2.08(8) 2.12(8)
Ti-O(1) (A) 2.01(6) 1.95(8) 1.92(8)
4 x Ti-O(2) (A) | 2.005(2) 2.003(2) 1.998(4)

5.3.2 Magnetism

Measurement of magnetization in the BTO particles heated at 700 and 1000 °C
clearly show ferromagnetism at room temperature (Fig. 5.2a and 5.2b). The co-
ercivity increases from 95 to 435 Oe with increase in particle size from 40 to 300
nm, which may be due to change in the distribution of defects at the surface and
shape anisotropy. On the other hand, the saturation magnetization reduces from
0.0025 to 0.0012 emu/gm with increasing particle size and finally the bulk BTO
sample failed to exhibit magnetic hysteresis as expected of a bulk BTO. It exhibits
diamagnetic behavior at room temperature as shown in Fig 5.2c. Since there are
no magnetic elements involved in the preparation of BT O nanoparticles and there
was no contamination of magnetic materials during the process of magnetization
measurements, the ferromagnetism is intrinsic to the nanocrystalline BTO. The

observed ferromagnetism is consistent with the suggestion that nanoparticles of
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the otherwise non-magnetic oxides are ferromagnetic [84]. The origin of ferromag-
netism may lie in the magnetic moments arising from the oxygen vacancies on
the surfaces of the nanoparticles as suggested earlier [84]. It is, therefore, under-
standable that an increase in the particle size caused by sintering eliminates the
magnetism due to the decrease in the surface to volume ratio. In fact, it has been
shown theoretically that point defects such as cation or anion vacancies in insula-
tors can create magnetic moments [98, 99]. Further, it was shown that the range of
exchange interaction between the magnetic moments and the critical concentration
of vacancy determine the magnetic ground state of a material, for example HfO,

where neutral Hf vacancies induce magnetic moments on neighboring oxygens [100].
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Figure 5.2: Room-temperature magnetic hysteresis of (a) 40 nm, (b) 300 nm and

(c) bulk BTO.



92 Chapter 5.

5.3.3 Ferroelectricity
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Figure 5.3: Room-temperature polarization versus electric field curve of (a) 40 nm,

(b) 300 nm and (c) bulk BTO.

The polarization (P-E) hysteresis loop measured for the 40 nm sample is (Fig.
5.3a) similar to that reported for 50-100 nm BTO particles [101]. This kind of
P-E loop does not quite represent the true ferroelectric nature of the particles, as
one can expect such behavior in the P-E measurement carried out on cold pressed
nanoparticles. It requires a local probe such as Electric Force Microscope (EFM)
to see switching of polarization in individual nanoparticles. In fact, with the use of
EFM technique it has already been shown that nanoparticles of BaTiO3 with an
average size of as small as 12 nm is ferroelectric [85]. However, a clear ferroelectric
nature of polarization hysteresis is seen (Fig. 5.3b) in the sintered particles (300

nm). For a drive voltage of 2 kV, the hysteresis loop recorded at a frequency
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2 a maximum

of 100 Hz shows a remnant polarization (P,) value of 2.04 uC/cm
polarization (Pjya,) of 8.42 uC/cm? and a coercive field (E,.) of 10 kV/cm. For the
bulk BTO, these parameters are; P, = 14.5 uC/cm?, Py, = 23.4 uC/cm? and E,

= 22 kV/cm (Fig. 5.4).

5.3.4 Dielectric studies
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Figure 5.4: Temperature-dependent (a)  Figure 5.5: Temperature-dependent (a)
dielectric constant and (b) magnetoca-  dielectric constant and (b) magnetoca-
pacitance of nanocrystalline BTO. pacitance of bulk BTO.

The temperature dependence of the dielectric constant (Fig. 5.4a) of 300 nm
nanocrystalline BTO sample at various frequencies exhibits dielectric anomalies
around 230 K and 300 K, which correlate respectively with the ferroelectric phase

transitions of BTO from the low-temperature rhombohedral to the orthorhombic
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structure followed by the orthorhombic to tetragonal phases. The coupling be-
tween magnetization and electric polarization in the BTO nanocrystalline sample
is manifested in the magnetocapacitance (MC): Ae(H)/e(0)= [e(H)-¢(0)]/(0). We
observe a positive MC of fairly large magnitude (10 %) near room temperature in
an applied magnetic field of 1 T (see figure 5.4b for its temperature dependence
in the interval 77-360 K), which remains positive down to 77 K. The increase of
MC above room temperature should be associated with the tetragonal to cubic
transition that is expected to be around 400 K. For bulk BTO, Dielectric mea-
surements shows anomalies near phase transition temperatures (Fig. 5.5a) but
MC measurement shows that there is no influence due to the applied magnetic

field(Fig. 5.5b).

5.3.5 First-principles calculations

We now develop an understanding of these observations using first-principles den-
sity functional theory (DFT) calculations, which have proven to be quite effective
in the determination of the origin of ferroelectricity in BaTiOg [9], focusing here
on identification of the origin of its ferromagnetism at nano-scale. Simplifying the
geometry of nanocrystalline BTO and their structure, we consider here a slab of
BaTiOj3 of 1.2 nm thickness, consisting of seven [100] atomic planes and terminated
with TiO5 planes. We use a periodic supercell that consists of the slab and vacuum
layers with in-plane periodicity of 2x2 unit cells of BaTiOg3. In the absence of any
defects, such a slab is a good insulator as each plane is charge neutral (either BaO
or TiO,) and does not exhibit any magnetism as all the Ti*" cations are in the d°
state.

Our first-principles calculations are based on a spin-dependent density func-
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tional theory calculations using a standard plane-wave code Quantum ESPRESSO
[102] with a local density approximation [103] to interaction energy of electrons.
We use ultra-soft pseudo-potentials [104] to represent the interaction between ions
and electrons, and include semi-core s and p states of Ti and Ba explicitly in the
valence. An energy cutoff of 30 Ry (180 Ry) on the plane wave basis was used in
representation of Kohn-Sham wave-functions (density). Most calculations involved
supercells with 70 atoms; phonons were determined for a smaller supercell with 24
atoms using a frozen phonon method. The supercell with 70 atoms consists of 2 x
2 unit cells in the plane of the surface and allows for reconstruction, particularly
in the presence of oxygen vacancies at the surface. Brillouin zone integrations were
sampled with a Monkhorst-Pack mesh [105] of k-points that is equivalent to a 4 X
4 x 4 mesh for the primitive cell of BaTiO3. Structural optimization was carried
out with BFGS algorithm to minimize energy using Hellman-Feynman forces.
From the earlier experimental [84] and theoretical [99] work, it is known that
magnetism in oxide nanoparticles arises from vacancies. Oxygen vacancies are not
uncommon in oxides of the type BTO. To assess the site preference of oxygen
vacancies, we determined fully relaxed spin-dependent ground state structures for
two configurations, one with oxygen vacancies in the bulk, and another with oxygen
vacancies at the surface of the slab. With the choice of the supercell we have used,
the in-plane concentration of vacancies is 12.5 atomic % ( < 5 atomic % in cell). We
find that the configuration with oxygen vacancies at the surface is lower in energy
by about 1.2 eV per oxygen vacancy. The magnitude of this energy difference is
much larger than any errors in the DFT calculations and implies a much greater
abundance of oxygen vacancies at the surface than in the bulk at room temperature
(AE/kpT = 48; note that the entropy of vacancy sites in the bulk is higher due

to larger number of configurations available, but its contribution to free energy
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Figure 5.6: Mechanism of magnetism in BaTiO3 with oxygen vacancies. Top two
panels show the density of electronic states of AFM and FM states of the con-
figuration with oxygen vacancies at the surfaces. In the bottom half, a sketch of
superexchange interactions shows that the same d-state is involved in the AFM
state, while two different d-states are involved in the FM state. The latter is more
stable than the former due to Hund’s coupling that favors parallel alignment of
spins of electrons in different d-states.

We now assess the stability of ferromagnetic and antiferromagnetic states in
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Figure 5.7: Magnetization density and low-energy structural distortions of nano-
slabs of BaTiO3. Barium, Titanium and Oxygen atoms are shown as blue, yellow
and red spheres respectively, and the slab extends periodically to infinity in the
plane perpendicular to the z-axis (vertical direction [1]). Isosurfaces of magneti-
zation density at 10% of its peak values (red and dark blue isosurfaces indicate
positive and negative magnetization respectively) shown for AFM state (a) and
FM state (b) of nano-slab with oxygen vacancy on the top [001] plane reveal that
the magnetization penetrates about 1 nm from the surface. Cylindrical symmetry
of magnetization density at Ti sites in the FM state (b) gives additional evidence
for the two d-orbitals zz and yz involved in FM exchange. In (c), arrows indicate
atomic displacements (within a factor) that link a ferroelectric FM state polarized
along [001] direction with the reference centrosymmetric FM state of nano-slab
with oxygen vacancies at both the surfaces. It is clear that polar off-centering
atomic displacements are very small at the surfaces. In (d), the unstable phonon
mode found in the AFM state of nano-slab with 5 atomic planes and oxygen va-
cancies on both the surfaces: it is localized at the surface and couples strongly with
spin-ordering at the surface.

the presence of oxygen vacancies both in the bulk and at surfaces. As the coordi-

nation of oxygen is two (both being Ti atoms), its vacancy is expected to result
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in occupation of d-states of primarily the neighbouring Ti atoms with an electron
each. FM and AFM ordering have been simulated by initializing spins on these
two Ti ions to parallel and anti-parallel configurations respectively. In either case,
we find the ferromagnetic state to be lower in energy by more than 10 meV with
2 up magnetic moment per oxygen vacancy. The origin of this can be understood
from interpretation of the density of states (Fig. 5.6) with exchange interactions.
Upon introduction of oxygen vacancies, states with Ti d-character at the bottom
of the conduction band get populated with a total of two electrons per oxygen
vacancy. These states are relatively extended (more than one nm from the surface,
see figure 5.7a, b) and their energies split up due to spin-dependent interaction. As
these states are quite extended in the plane of the surface, they allow mediation the
magnetic interactions necessary for a long-range order [99, 100]. The ferromagnetic
superexchange involves two different d- states (xz and yz) populated with electrons
of parallel spins and Hund’s coupling favors it to antiferromagnetic superexchange
involving the same d- state populated with electrons of anti-parallel spins (Fig 5.6).
Consistent with its greater stability, the density of states in the FM configuration
exhibits a dip or a pseudo-gap at the Fermi level.

To estimate the effects of oxygen vacancies on ferroelectricity, we have deter-
mined the energetics of structural distortions corresponding to local energy minima
in which all the Ti atoms in the supercell are off-centered along a given direction
(say, (001), (110) and (100)). In the ferromagnetic state of the nano-slab with
oxygen vacancies at the surface, we find the ferroelectric phase polarized along
(110) axis to be the lowest in energy, followed by the ones polarized along (100)
and (001) directions respectively. The energy lowering with ferroelectric distortions
along each of the three directions is noticeably lower for the slab with reflection

symmetry in the horizontal plane (0., oxygen vacancies at both surfaces), than
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that for the asymmetric slab with oxygen vacancy at only one of the two surfaces.
While the lowering of energy with ferroelectric distortions in slabs is about three
times weaker than in the bulk, ferroelectricity does seem to survive in the nano-thin
slabs of BaTiO3 with oxygen vacancies at the surface. Ferroelectric structural dis-
tortions mainly involve off-centering of Ti and O atoms and they are much smaller
at the surface than in the interior of the slab (Fig. 5.7c).

To assess the local stability of the completely relaxed FM and FE structure, we
have determined I" point phonons (note that they include phonons corresponding
to ', X, M and R modes of the bulk). We find that all the phonons are stable in the
FM state, with four of them below 100 cm™!, which is expected of a ferroelectric
material [106]. The frequency of most of these phonons changes by at most 0.5 %
when the magnetic ordering changes from FM to AFM type, indicating a rather
weak spin-phonon coupling. However, we find an unstable phonon (w = 1707 cm™1)
in the AFM state that has a strong overlap (40 %) with a phonon at 300 cm™! in
the FM state, indicating its very strong coupling with spin. This mode (Fig. 5.7d)
is confined to the surface of the slab (like the magnetization density of the AFM
state) and has some components of the other low-energy phonons of the FM state
as well. Its coupling with spin should have therefore observable consequences when
these soft modes show a strong temperature dependence, ie. near the ferroelectric
transitions. In particular, changes in magnetization with applied magnetic field
would result in shifts in the frequency of these soft polar modes and hence in
its contribution to dielectric response. This surface mode (Fig. 5.7d) is thus

responsible for the magneto-capacitive anomaly observed here experimentally.
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5.3.6 Positron annihilation

PAS can provide valuable information about the nature of defects as the annihi-
lation parameters are sensitive to lattice imperfections. In PAS, the positron may
be trapped in crystal defects, i.e. the wave function of the positron is localized
at the defect site until annihilation and thus useful to characterize the defects in
the sample [107, 108]. PAS has been used to characterize defects in metals, semi-
conductors and polymers. Further, it has been shown that PAS is an excellent
technique for studying open-volume defects, vacancy-impurity complexes, and for
identifying the sublattice occupied by the dopants. Previous studies on doped and
undoped BTO using PAS has been shown to reveal that the nature of defect is
oxygen vacancy [107]. Hence, we have investigated the BTO nanoparticles of dif-
ferent sizes using PAS and correlate the results with the saturation magnetization.
XRD patterns confirmed that all the samples were single phase with a tetragonal
structure. FESEM image of samples heated at 700 °C, 1000 °C and 1200 °C are
shown in figure 5.8(a-c). The 700 °C heat treated sample shows rods containing
assemblies of nanoparticles with an average diameter of 60 nm (Fig. 5.8a). Figure
5.8b shows the 100 nm nanoparticles prepared by 1000 °C heat treatment. The FE-
SEM image of the bulk BTO sample (Fig. 5.8¢c), obtained by sintering the pressed
nanoparticles at 1200 °C, shows the average grain size to be around ~ 2 pm.

The magnetic measurements carried out on 60 nm, 100 nm and 2 pum (bulk)
samples and are shown in figure 5.8d. The first two samples clearly show ferromag-
netism at room temperature whereas the 2 yum sample shows diamagnetic curve
as expected for the bulk BTO. The saturation magnetization of smaller (60 nm)
particles is higher (0.00298 emu/gm) than that (0.00213 emu/gm) of bigger par-

ticles which is consistent with the suggestion that surface defects decreases with
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Figure 5.8: FESEM micrographs of BaTiO3 nanoparticles treated at (a) 700 °C,
(b) 1000 °C and (c) 1200 °C. (d)Room temperature magnetic hysteresis of 60 nm,
100 nm and 2 pum size BaTiOs3.

increasing particle size [109].

Table 5.2: Positron lifetimes and their corresponding intensities for all the three

BTO samples.

Sample 71 (ps) 72 (ps) 73 (ps) I, (%) I3 (%)

60 nm 163 &+ 2 348 £+ 10 1965 £ 100 | 51 £ 1 4+02
100 nm 165 £ 2 322 £ 8 1631 =100 | 48 £ 1 24+02
2 pm 161 &+ 2 353 £+ 10 1465 £ 100 | 18 £ 1 1+£02

Table 5.2 shows the value of the positron lifetimes and their corresponding in-

tensities for all the three BTO samples. The free fitting of all the positron lifetime

spectra for all the three samples (60 nm, 100 nm and 2 pm) are found to be best
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fitted with three lifetime components fitting, yielding a very long (1400 to 2000
ps) lifetime component (73) with intensity (I3) of 1 to 4 %. This component is due
to the formation of orthopositronium and its subsequent decay as parapositron-
ium by pick-off annihilation processes [88, 89]. In polycrystalline samples, there
always exist microvoids where positronium formation is favorable. The short life-
time component (71) of 163 £ 2 ps is generally attributed to the free annihilation
of positrons. The theoretically calculated free positron lifetime in bulk BaTiOj is
152 ps, which is slightly less than the presently observed value, 163 £+ 2 ps [107].
The most important lifetime component is the intermediate one, 75, which arises
from the annihilation of positrons at defect sites. One can have an idea about the
defect concentration from Iy, the intensity of the intermediate lifetime component
[88-90]. It is obvious from table 1 that the I, which is a measure of defect concen-
tration, is higher in 60 and 100 nm particles than the bulk sample and decreases
with increasing particle size. Thus, as the particle size increases, the decrease of
magnetization or the suppression of magnetism is in agreement with the decrease
of defect concentration.

In order to identify the nature of defects in BTO samples, ratio-curve analysis
technique of CDBAR spectra has been used [93-96, 107]. Figure 5.9 shows the
area normalized ratio curve of CDBAR spectra of the three samples (60 nm, 100
nm and 2um) with respect to CDBAR spectrum of defects free 99.9999% purity Al
sample. All the ratio curves (Fig. 5.9) show one major peak at ~ 11 x 1073 m,c
and another peak at ~ 20 x 1072 m,c. In general, the peak at momentum value
~ 11 x 1073 m,c in the ratio-curve with respect to Al is mainly coming from the
annihilation of positrons with the 2p electrons of oxygen and some contributions
coming from the annihilations with the 3d electrons of Ti, 5p electrons of Ba, while

the peak at momentum value ~ 20 x 10~3 m,c is coming from the annihilation of
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Figure 5.9: Area normalized ratio curve of 60 nm, 100 nm and 2 pm size BaTiO3
CDBAR spectra with respect to defects free 99.9999 % purity Al CDBAR spectrum.
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Figure 5.10: Area normalized ratio curve of 60 nm and 100 nm size BaTiO3 CDBAR
spectra with respect to 2 um size BaTiO3 CDBAR spectrum.

positrons with the core electrons of Ti. From figure 5.9 it is clear that the peak

height at ~ 11 x 1073 m,c decreases with decreasing particle size, while the peak

height at ~ 20 x 1072 m,c is almost same for all the three samples, which indicates
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the presence of a significant amount of oxygen vacancy in 60 nm particles than the
bulk sample. This is also clear from figure 5.10 where area normalized ratio curve
of 60 nm and 100 nm samples have been plotted with respect to the bulk BTO
CDBAR spectrum. Figure 5.10 also shows a broad dip in the momentum value ~
11 x 1072 m,c. This indicates lesser annihilation of positrons with the 2p electrons
of oxygen in the 100 nm and 60 nm samples compared to the bulk sample. Similar
trend of ratio curve has also been observed by Ghosh et al. [107] on BaTiO3 samples
with oxygen vacancy (Vo). Thus, from ratio curve analysis, defects in 100 nm and
60 nm samples have been identified as oxygen vacancy. Each oxygen vacancy is
expected to donate two electrons to the empty d-state of single Ti**-ion to become
Ti%* ion or one electron each to two Ti**-ions, probably situated on either side
of the oxygen vacancy, to make them Ti**-ions [99, 110]. Both the configurations
result in the ferromagnetic ground state due to Hund’s rule coupling provided there
is a minimum concentration of oxygen vacancies required for magnetic percolation.
The fact that relatively large value of I and the observed ferromagnetism in 60
nm and 100 nm samples indicate the presence of critical concentration of oxygen
vacancies on the surface of the particles. In the case of bulk sample, the low value
of defect is consistent with the observed diamagnetism.

Nanocrystalline BaTiO3 with an average size of 60 nm and 100 nm show fer-
romagnetic hysteresis at room temperature whereas the 2 pm sample exhibits dia-
magnetism as expected for a bulk sample. Positron annihilation studies show lesser
annihilation of positrons with the 2p electrons of oxygen in the 100 nm and 60 nm
samples compared to the bulk sample indicates the presence of oxygen vacancies.
Thus, the observed ferromagnetism in nanocrystalline BaTiO3 samples can be cor-

related with presence of oxygen vacancy at the surface of the particles.
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5.4 Conclusions

In conclusion, the present study demonstrates a new kind of multiferroicity in clas-
sical ferroelectric BaTiO3 in nanocrystalline form. The multiferroic nature is ren-
dered possible by the surface magnetism of the nanocrystalline BTO. Interestingly,
the ferroelectric and magnetic properties are coupled as shown by the observation
of magnetocapacitance. It is interesting to ponder on the possible existence of
both ferroelectricity and ferromagnetism occurring at the surfaces of nanoparticles
of the otherwise non-ferroic oxides. Positron annihilation studies show the pres-
ence of oxygen vacancy at the surface of the particles which can be related to the

observed ferromagnetism.






CHAPTER 6

Crystal structure and dielectric properties of
ordered perovskites, Ba,_,Sr,BiSbOg; (0 < z <

2) and BaBij 7Nb ;05**

6.1 Introduction

Oxides with perovskite structure have been investigated for their interesting physi-
cal properties such as magnetism, superconductivity, magnetoresistance and ferro-
electricity [111]. The perovskite compound BaBiO3 (BBO) is a well known charge
ordered semiconductor where Bi**t and Bi®" ions are ordered in rock-salt manner
and thus the chemical formula is written as BasBit?Bi*®Og. This compound be-
comes superconductor upon partial replacement of Ba®* ions with Pb*" /K™ ions
[112-115]. Hence, the bismuth valence state has become an important parameter to
understand the physical properties of bismuth containing compounds. Bismuth ions
with 65 and 65° configurations are common while the intermediate 6s! state does
not exist. BBO has been reported to have monoclinic structure (a = b ~ a,/2;
¢ = 2a, and B ~ 90°) at room temperature with centrosymmetric 12/m space

group based on analysis of powder neutron data [116]. In the monoclinic structure,

**Paper based on this work has been published in Chem. Mater. 19 (2007) 4114; Physica B
404 (2009) 154; A manuscripts based on a part of this work is submitted and two more under
preparation
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BBO has been reported to have two different BiOg octahedra with shorter and
longer bond lengths which corresponds to Bi®*t and Bi** ions arranged in an al-
ternate fashion [116]. However, a recent study based on convergent beam electron
diffraction showed non-centrosymmetric triclinic symmetry [117]. Recently, there
has been a great deal of interest in compounds having 6s lone pair which may be
stereochemically active as in PbO [118, 119], rendering the compounds ferroelectric
[17, 120]. Since BBO contains 6s lone pair electrons, it is of interest to study the
structure and dielectric properties by replacing Bi®* ions with other pentavalent
ions (Sb°T and Nb>T) as the parent compound is highly conducting. We also stud-
ied the compounds prepared by replacing Ba?* ions with Sr** ions in BayBiSbOg
(BBS). The compound BBS, prepared by the complete replacement of larger size
Bi°* ions with smaller Sh®* ions [121], has been reported to exhibit centrosymmet-
ric thombohedral structure (R3) based on neutron diffraction data collected using
longer wavelength A\ = 2.5724 A [122]. Later Kennedy et al. [123] confirmed the
room temperature structure and also reported the high and low temperature phase
transitions using high resolution time-of-flight neutron data. In BBS, oxygen ions
are located significantly away from their ideal positions and form a larger BiOg
and smaller SbOg octahedra which are arranged alternatively with bismuth and
antimony in +3 and +5 oxidation states respectively [123]. Since the structure
depends on the exact location of oxygen ions, an accurate determination of oxygen
positions is necessary to confirm the structure.

Further these ordered perovskites are known to undergo various structural
transitions. BBO undergoes several structural phase transition in the temper-
ature range 4.2 - 975 K, the low-temperature monoclinic (P2;/n) to the room-
temperature monoclinic (I12/m) at 132 K, 12/m to the rhombohedral (R3) at 430

K, and finally, to the high-temperature cubic (Fm3m) phase at 820 K. A similar
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structural behavior is reported for another derivative of BBO, namely, BBS, except
that the transition temperatures are lower: 250 K for 12/m to R3 and 515 K for
R3 to Fm3m, and the low-temperature structure (P2;/n) is not formed at all. The
fact that the transition temperatures are lower in BBS is due to the substitution
of smaller Sb>* ions (r = 0.60 A) for larger Bi®* ions (r = 0.76 A) or a chemi-
cal pressure [121]. It is interesting and important to note a pressure dependent
study on BBS, which revealed that the rhombohedral phase of BBS undergoes a
phase transition to the monoclinic 12/m structure. These studies confirm that both
pressure and temperature can induce these structural changes.

Here, we report the structural and dielectric properties of BayBiSbOg (BBS),
BaSrBiSbOg (BSBS), SroBiSbOg(SBS) and BaBij ;Nbg 306 (BBN).

6.2 Experimental

The samples Bay_,Sr,BiSbOg (z = 0, 1 and 2) and BaBij7Nbg 304 were prepared
by conventional solid state reaction method. Stoichiometric amount of high purity
BaCOj3/SrCO3, BisO3 and ShyO5/NbyO5 were weighed and mixed thoroughly in
an agate mortar. The mixed powder was calcinated at 700 °C and 800 °C for 24
hours with intermittent grindings. Finally, the powder was pressed into pellets and
sintered at 900 °C for 12 hours. The sample BaBig7;Nbg 304 was sintered at 950
°C for 12 h in a flowing Oy atmosphere. The phase purity was verified with Bruker
D8 Discover x-ray diffractometer using Cu Ko radiation. Rietveld refinements,
using the program GSAS [124, 125], were carried out on the neutron diffraction
data collected for BBS using D2b instrument with a wavelength A = 1.051 A at
Institut Laue Langevin (ILL), Grenoble, France. For BSBS, data were collected at

295 K, 150 K and 3.5 K with A = 1.594 A and using the same wavelength the room
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temperature data was collected for BBN. The Electron Diffraction (ED) studies
of SryBiShOg were carried out using JEOL 200CX electron microscope fitted with
an eucentric goniometer (+60°) equipped with a KEVEX Energy Dispersive Spec-
troscopy (EDS) analyzer. Specimens for transmission electron microscopy (TEM)
were prepared by crushing a small piece of the sample in an agate mortar contain-
ing ethanol and dropping a droplet on a copper grid covered by a holey carbon
film. High-resolution Z-contrast images were obtained using a 3000F microscope
equipped with a Scanning Transmission Electron Microscopy (STEM) unit operat-
ing with a High Angle Annular Dark Field (HAADF) detector (resolution of 1.36
A). Capacitance and dissipation of the samples for various frequencies ranging from
100 Hz to 1 MHz were measured using Agilent impedance analyzer from room tem-
perature to 800 K. For dielectric studies, the capacitor was prepared by sputtering

gold on both sides of the pellet using DC sputtering.

6.3 Results and discussion

6.3.1 BasBiSbOg and BaSrBiSbOg
6.3.1.1 Structural analysis

The compounds, BBS and BSBS crystallize in the centrosymmetric space group
R3. BBS forms a pure phase whereas BSBS sample has minor impurity phases,
Sry_,Bis;,04 (4 %) and SbyO3 (2 %). In BBS, substitution of Sr?* ions at Ba-
site has no influence on the room temperature structure and the structure remains
unchanged up to a solubility limit of 50 %. The structural change from the mon-
oclinic structure of BBO to the rhombohedral structure in BBS and BSBS upon

substitution is believed to be due to smaller ionic size of the substituted ions [123].
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Figure 6.1: Rietveld refinement on powder neutron diffraction data of Ba;BiSbOg,
collected at room temperature using D2b instrument with A = 1.051 A at the
Institut Laue Langevin (ILL), Grenoble, France.
The chemical formula of these compounds can be written as Bas*Bi**Sb>*Og and
Ba?tSr**Bi**Sb°T Oy, in which Bi-ions are in +3 oxidation state with 6s2 lone pair
electrons and Sb-ions in +5 oxidation state. Figure 6.1 shows Rietveld fit to the
room temperature neutron diffraction data for BagBiSbOg. The structural param-
eters obtained from the final refinement at convergence are given in table 6.1. The
cell parameters are a = 6.0351(2) A and o = 60.202(1)°. The average bond lengths
of Bi-O and Sb-O obtained are 2.303(2) and 1.989(2) A respectively. The obtained
structural parameters are in agreement with the reported values in literature where
the structural parameters were reported from the neutron data with higher wave-
length A\ = 2.5724 A [122]. The bond lengths are also in agreement with value
reported from time-of-flight neutron data recorded to a total incident proton beam
of 35-70 pA h [123].

The observed, calculated and difference neutron pattern of BSBS at 295 K, 150

K and 3.5 K are shown in the figure 6.2. The first row of vertical tick mark shows
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Figure 6.2: Rietveld refinement on powder neutron diffraction data of BaSrBiSbOg,
collected at (a) 295 K, (b) 150 K and (c) 3K using D2b instrument with A = 1.594
A at the Institut Laue Langevin (ILL), Grenoble, France. Vertical tick marks show
the possible reflections of BaSrBiSbOg (first row) along with Sry_,Bis,,O4 (second
row) and SbyOj (third row) impurity phases.
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Table 6.1: Structural parameters for Ba;BiSbOg obtained from Rietveld refinement
with the room-temperature neutron diffraction data collected with A = 1.051 A.

Parameters BasBiSbOg
Space group R3
a (A) 6.0351(2)
a (%) 60.202(1)
V (A3) 156.14(1)
Ba,Sr: x, v, z ggggjggg’ 0.2504(6),
Uiso/Un1 0.87(4)
Bi: x,y, 2z 0,0,0
Uiso/U11% 100 0.66(5)
Sh: x, vy, z Y2 1/2 1/2
Uiso/Un1 0.23(6)
2 4 3012(4
0ix 32 e .
Uiso/Un1 1.43(12)
Uz Uss Ui, Uss, Uss | 1300000 Sy
Rup (%) 3.59
2 1.283
Bi-O (A) 2.303(2)
Sh-O (A) 1.989(2)

the Bragg position of the BSBS phase whereas the second and third row belongs

to the impurity phases, Sr;_,Bis, .04 and ShyOj3 respectively. Table 6.2 shows

the structural parameters obtained for BSBS at different temperatures. The cell

parameters obtained are a = 5.9809(2) A and a = 60.045(2)° at room temperature.

The volume of the cell in BSBS is smaller than BBS confirming that the smaller

Sr** ions substitute at Ba®' site. In the rhombohedral symmetry, the alkaline earth

ions share the same position and Bi** occupies {0, 0, 0} site whereas Sb>" occupies
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Table 6.2: Structural parameters obtained from Rietveld refinement on neutron
diffraction data collected (A = 1.594 A) at 295, 150 and 3.5 K for BaSrBiSbO.

BaSrBiSbOg
Parameters 3.5 K 150 K 295 K
Space group R3 R3 R3
a (A) 5.9672(2) 5.9706(2) 5.9809(2)
a (%) 60.038(3) 60.037(3) 60.045(2)
V (A3) 150.37(1) 150.62(1) 151.43(1)
0.2481(7), 0.2533(9), 0.2475(7),
Ba,Sr: x, ¥, 7 0.2481(7), 0.2533(9), 0.2475(7),
0.2481(7) 0.2533(9) 0.2475(7)
Uiso/Uni 1.11(6) 1.07(5) 1.80(5)
Bi: x, v, z 0,0,0 0,0,0 0,0,0
Uiso/Un1 1.38(8) 2.1(1) 0.40(8)
Sb: x, v, z 2, /2, 1/2 2, /2, 1/2 Y2 /2 1/2
Uiso/Un 0.27(9) 0.6(1) 1.9(2)
0.2131(9), 0.2091(9), 0.2232(9),
0:x,y, z 0.3178(8), 0.3184(8), 0.3090(7),
0.716(1) 0.723(1) 0.719(1)
Uiso/Un1 4.0(4) 5.9(4) 5.8(3)
Us. Uss. Uss 9.5(4), 3.1(2), | 10.6(4), 1.1(2), | 13.9(4), 2.4(2),
U13’ Ut ’ T1-6.1(3), -2.2(2), | -7.3(3), -1.6(2), | -8.3(3), -0.6(2),
’ 2.4(2) 2.8(2) 0.1(3)
R,y (%) 7.27 7.25 6.11
x> 1.702 1.678 1.18
Bi-O (A) 2.265(4) 2.253(5) 2.268(4)
Sb-O (A) 2.008(4) 2.024(5) 1.998(4)

{Y/2, /2, t/2} site. Similar to BBS, the bond distance calculation showed that the
average bond lengths of Bi-O and Sb-O are 2.268(4) and 1.998(4) A respectively.
The values are consistent with the values reported for BBO and BBS [123]. Even
though the BSBS structure fits well in space group R3 with reliable agreement

factors and structural parameters, structural analysis were been carried out using
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non-centrosymmetric space group R3, a subgroup of R3, on the room-temperature
neutron data. The model gave a fit with x* = 3.655 and R,,, = 10.70 % which are
higher than that for R3 (x* = 1.18 and R, = 6.11 %). Thus the space group R3
fits well for BSBS structure.

Further, low temperature analysis were also carried out to check whether there
is any structural transition to monoclinic structure as reported for BBO and BBS
[123]. In BBO, there is a discontinuous structural transition from R3 to 12/m
at around 430 K and the later transform to P2;/n at low temperature (132 K).
BBS undergoes the structural transition from R3 to 12/m at 250 K and there
was no evidence for further structural transition down to 4.2 K [123]. A pressure-
dependent study on BBS also reported a similar structural transition at 4 GPa
[126]. Structural analysis on neutron data collected at 150 K confirmed that the
structure remains in rhombohedral symmetry (Fig. 6.2b). The cell parameters
obtained from 150 K data are a = 5.9706(2) A and o = 60.037(3)°. The average
bond length of Bi-O and Sb-O obtained are 2.253(5) A and 2.024(5) A respectively.
Further, the refinement on 3.5 K data (Fig. 6.2c) showed that the BSBS system
remains in R3 symmetry and the low temperature monoclinic phase (I12/m) does
not exist in BSBS probably due to the substitution of smaller Sr?* ion at the Ba?*-
site. The refinement on 3.5 K data gave a good fit for with x2 = 1.702 and R,
= 7.27 % than that for the monoclinic 12/m (x* = 5.576 and R,, = 13.16 %).
The lattice parameters obtained at 3.5 K for the rhombohedral space group are a
= 5.9672(2) A and a = 60.038(3)°. The bond length calculation showed that the
bond length of Bi-O and Sb-O are 2.265(4) A and 2.008(4) A respectively. The
larger value of o in BBS compared to BSBS indicates that the transition from R3
to cubic in the former will occur at relatively higher temperature. For the same

reason, the BBS may undergo transition at low temperatures to a low symmetry
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structure at relatively higher temperature compared to BSBS. This is consistent

with the absence of low temperature structural transition in BSBS down to 3.5 K.

6.3.1.2 Dielectric studies
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Figure 6.3: Temperature dependence of real part of dielectric response (a) and
tangent loss (b) in BayBiSbOg at various frequencies.

Figure 6.3 shows the real part of dielectric constant of BBS for various frequen-
cies as a function of temperature. The initial decrease in the curve from room
temperature can be attributed to the reported structural change from monoclinic
to rhombohedral symmetry around 250 K [123]. However the dielectric change
associated with the structural transition from rhombohedral to cubic symmetry is
not clear which may be due to the high dc conduction.

The real part of dielectric response of BSBS for various frequencies as a function
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Figure 6.4: Temperaure-dependence of real part of dielectric response (a) and tan-
gent loss (b) of BaSrBiSbOg at various frequencies.

of temperature is shown in figure 6.4a. The sample shows two dielectric anoma-
lies near 350 K and 600 K which varies with respect to frequency. The anomaly
around 350 K may associate with a structural transition from rhombohedral R3 to
cubic Fm3m symmetry as BBS was shown to undergo the rhombohedral to cubic
structural transition around 515 K [123] and the shift in transition temperature
in the present compound may be due to 50 % replacement of Sr-ion. Since the
phase transition is continuous in the case of BBO and BBS, the observed dielectric
anomaly in the present system is broad in nature. The exponential increase in
dielectric constant above 600 K is due to the increase in the dc conduction of the
sample. Both the real and imaginary part (not shown here) of the dielectric con-

stant increases with increasing temperature and shows very high value in the order
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of 107 at the maximum temperature measured. However, the dielectric loss is very
low through out the temperature range (Fig 6.4b). Further, the impedance analysis
of the room temperature data using the program Zview, showed that capacitance
of the grain is in the order of 10~ with a resistance of 0.3 MQ whereas the grain
boundary is in the order of 10~ with the resistance of 0.5 M£). This implies that
the high dielectric constant observed in the present system may originate due to

grain boundary.

6.3.2 SroBiSbOg
6.3.2.1 Structural analysis

The compound SrsBiSbOg (SBS) is not reported in the literature to our knowledge.
The x-ray powder diffraction pattern recorded on the sample is shown in figure 6.5.
The pattern evidenced a perovskite-type structure with the main peak observed
for dyw ~ 3 A corresponding to di19 of the perovskite cubic sub-cell. Comparing
the pattern to the ones reported for Ba;BiSbOg and BaSrBiSbOg [122, 127], extra
peaks are observed for example at d =~ 9.6 A ie. 4d[111) of the perovskite cubic
subcell. In addition to the peaks which could be indexed with a super-cell due to
an ordering in the perovskite structure, some reflections correspond to a secondary
phase, SrBiyOy4, evidenced by EDS analysis [128].

To evidence the symmetry of the main phase, an ED study was performed at
room temperature. The reconstruction of the reciprocal space performed by tilting
around the crystallographic axes evidences a tetragonal cell with a ~ 2a,\/2 ~
114 A and ¢ = 4a, ~ 16.8 AThe conditions limiting the reflection imply I-type
lattice without other condition. So the probable space groups are: 14 (79), 14 (82),
L//m (87), I4ymm (107), I4m2 (119), 142m (121) and 1//mmm (139). The [010] ED
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Figure 6.5: Room-temperature x-ray pattern of SroBiSbOg. Inset shows the pattern
indexed assuming a primitive cubic cell and asterisks shows the possible impurity
phases.

Figure 6.6: [010] ED pattern indexed in the tetragonal cell: 2a,+/2 X 2a,/2 X 4a,
(The subscript p refers to the perovskite cubic sub-cell).

pattern is represented in figure 6.6 in which the subscript p refers to the perovskite
cubic sub-cell. The possibility of being a cubic symmetry with ¢ ~ 16.8 A and

a F lattice was ruled out due to the observation, on the ED pattern, of a slight
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Figure 6.8: [010] ED pattern of the monoclinic supercell implied by extra-spots
along [111] »- The subscript p refers to the perovskite cubic sub-cell.

difference between d3,, and d,,. Even if the aforementioned tetragonal super-cell
is characteristic of the main phase, other supercells were observed on different crys-
tallites. Some crystallites are characterized by other ordering phenomena implying

a smaller tetragonal cell with a ~ a,/2 = 5.9 A and ¢ = 2a, =~ 8.4 Aand al
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lattice figure 6.7. The last type of ordering found in the sample takes place along
the [111]* direction of the cubic perovskite sub-cell and implies a dp ~ 19.5 A
which corresponds to 8a,/3 (8 times the dp1y) distance of the cubic perovskite

sub-cell) (Fig. 6.8). A monoclinic supercell can be defined.
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Figure 6.9: HAADF STEM images of SroBiSbOg: (a) particle presenting an al-
ternation of one bright layer with a darker one along the [111]* direction and (b)
another particle showing an alternation of one bright layer with a thicker dark layer
along the [111]} direction.
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Figure 6.10: HAADF STEM images showing (a) shearing planes and (b) stacking
defects in SryBiSbOg.

High Resolution STEM was performed to obtain Z-contrast images giving im-
portant information about the microstructure and eventual structural phenomena.
[010]-oriented Z-contrast images are exhibited on figures 6.9 and 6.10. Figure 6.9a
and 6.9b are two images recorded on two different particles corresponding to the

ED patterns presented on figures 6.6 and 6.8 respectively. On both images are
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represented the subcells as well as the FFT’s indexed in the quadratique subcell
2a,1/2 x 4a,. On figure 6.9a, one can observe a regular stacking of one bright layer
with a darker one along the [111], direction, corresponding to a first superstructure
called 1. This regular alternation is also present on figure 6.9b, but the cationic or-
dering implies a thicker dark layer in which the disposition of high electron density
cations create cross shapes. This second superstructure is called 2. Besides these
superstructures, other structural phenomena were pointed out. On figure 6.10a,
stacking faults appear on the superstructure 2 as shearing planes, and random al-
ternations between superstructure 1 and 2 along the [111], direction are observed
on figure 6.10b forming another kind of stacking defects. All theses defects were
regularly observed on the different studied crystallites, and sometimes can even
co-existed within a same crystallite.

The average cationic composition determined from more than 40 different crys-
tals gave a stoichiometry of SryBig74Sbg g7 with high standard deviation for the Bi
and Sb contents. The secondary phases observed correspond to the composition
close to (Bi,Sb)3SrO, with various Bi and Sb contents and a ratio (Bi4Sb)/Sr
above 2.

The profile matching on x-ray pattern of SBS was carried out by using the lattice
parameters obtained through ED assuming that the system belongs to tetragonal
symmetry with the space group 14/mmm. Even though ED shows the presence
of tetragonal phase with 2a,v/2 X 2a,/2 X 4a, and a,y/2 X a,\/2 X 2a,, x-ray
pattern fitted better with the former rather than the well known a,v/2 X a,/2
X 2a, lattice parameters. The refined lattice parameters obtained are a = b =
11.7859(2) and ¢ = 16.691(1) A for 1//mmm symmetry. Figure 6.11 shows the
profile matching of SroBiSbOg on room-temperature x-ray diffraction data using

the aforementioned lattice parameters. The vertical tick mark shows the possible
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Figure 6.11: Profile analysis of SroBiSbOg x-ray pattern including the impurity
phase SrBiyOy,.
reflections of the two phases; first row belongs to the main phase SroBiSbOg and
second row belongs to SrBi;O4. The cubic subcell value of SBS is compared with
other related ordered perovskites in table 6.3. The smaller cubic subcell value of
SBS is in agreement with smaller average ionic radii of cations at A and B sites.
To the best of our knowledge, such an ordered structure with 2a,/2 x 4a, lat-
tice parameter is not known in literature. However there is a report on Sr(Li; /aNb3 /4
)O3 system which shows a low temperature (T < 1300 °C) polymorph, tentatively,
indexed in a = 16.014 A cubic cell [129]. Further this system has been reported to
show two more polymorphs at high temperature by quenching experiments. At T
> 1400 °C, it forms a disordered cubic perovskite. Between 1300 and 1400 °C, it
forms a polymorph with monoclinic structure. The ED studies reported that the
[111] pattern contains a fourfold superstructure, implying that the layers stacked
in the [111] direction have a mixed B-site composition and are ordered or that a

layer description is not applicable to this structure.
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Table 6.3: Comparison of cubic subcell value of SroBiSbOg with other related
ordered perovskites.

ap (A)
Space (ra) | (rp) cubic lat- refer-
Composition o lattice parameters ( A) ( A) tice of the ence
group perovskite n
subcell
a = 6.18505(7) A,
. b = 6.13219(7) A,
BaBiO; 12/m ¢ — 86585 (1) A, 1.61 | 0.895 | 4.373 [123]
B =90.229(1)°
: - a = 6.0351(2) A,
Bay;BiSbOg¢ | R3 o = 60.202(1)° 1.61 | 0.815 | 4.268 [127]
. - a = 5.9809(2) A,
BaSrBiSbOg | R3 o = 60.045(2)° 1.525 | 0.815 | 4.230 [127]
: Tetra.| a = 11.7896(9) A, This
StoBiSbOg symm.| ¢ = 16.675(2) A 1.44 | 0.815 | 4.168 study

Similar quenching experiments were carried out in the present system to sta-
bilize different polymorphs, if any. The samples were inserted directly into the
furnace at three different temperatures, 850, 900 and 950 °C. They were allowed
to react for twelve hour and after that it was quenched to room-temperature. The
x-ray pattern showed that the ordering exists up to the maximum temperature
heated and there were no significant change in the main phase. However the im-
purity phases are seen to decrease slightly by this quenching experiment compared

to the furnace cooled samples.

6.3.2.2 Dielectric studies

Dielectric response (real part) of SBS for various frequencies as a function of tem-
perature is shown in figure 6.12. The sample does not show any dielectric anomalies

up to 700 K and at room-temperature, it shows a dielectric constant value of 42
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Figure 6.12: Dielectric constant and tand as a function of temperature.

for 1 kHz. The increase above 700 K may be due to increase in the dc conduc-
tion or belongs to a phase transition which is well known in this ordered structure
[123, 127]. The imaginary part (not shown here) of the dielectric constant also
shows similar increase above 700 K and reaches a value in the order of 10° for a
frequency of 1 kHz at the maximum temperature measured which is in one order
higher than that of the real part. The tand is also increases above 700 K. It is likely
that the increase above 700 K can be attributed to dc conduction rather than a

phase transition.
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6.3.3 BaBij7Nbg 303
6.3.3.1 Structural analysis

Although our intent was to replace Bi®* ions in BaBijtBijtO3 by Nb>* ions, we
could succeed in getting a single phase material only up to 60% substitution. Be-
yond this limit, BasNbsO5 appeared as secondary phase. Therefore, we have
investigated the material with the composition BaBijt(BijtNbit)03. X-ray and
neutron diffraction patterns of BBN could not be indexed in the monoclinic struc-
ture (I2/m) of the parent compound BBO, but they were found to be similar to
those of BaBig5Sbg 503, which has a thombohedral structure (R3) at room tem-
perature [123]. It should be mentioned here that the R3 phase also exists in the
parent compound BBO as one of the high-temperature phases [121, 123]. Subse-
quently, all diffraction lines in both x-ray and neutron diffraction patterns of BBN
could be indexed with the rhombohedral symmetry. Further, structural refinement
was carried out on the neutron data using the structural model of BaBig 5Sbg 503
[123]. The fitted neutron diffraction pattern obtained at the convergence is shown
in figure 6.13.

A good fit with reliable agreement factors (Table 6.4) confirmed that the BBN
has rhombohedral structure with R3 space group. There are two crystallographic
sites for B cations, {0,0,0} and {!/2, /2, /2}. The first one is completely occupied
by Bi(I) ions and other one is occupied by Bi(II) and Nb ions. The average bond
lengths of Bi(I)-O and Bi(IT)/Nb-O are 2.300(3) and 2.052(3) A, respectively. The
different bond lengths can be understood from the difference in ionic radii of Bi*,
Bi**, and Nb°" ions in octahedral coordination [121]. From the inspection of
the bond lengths and a comparison with their corresponding bond lengths for

BBO and BaBij5Sby 503 (2.29 and 2.11 A and 2.31 and 2.199 A, respectively), we
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Figure 6.13: Observed, calculated, and difference neutron diffraction pattern of
BaBit (Bij ,Nbit)O3 at room temperature, fitted in the R3 space group. Tick
marks are the symmetry allowed reflections. Neutron diffraction data were collected
using the instrument D2B at ILL, Grenoble, France.

Table 6.4: Structural parameters obtained from the Rietveld refinement of the
room temperature neutron diffraction data for BaBij £ (BidtNbj%)Os.

R3
a = 6.0870(2)A and a = 60.317(1)°

Atoms x Y z N Uiso/ U1
Ba 0.2512(8) | 0.2512(8) | 0.2512(8) | 1.00 1.2(6)
Bi(I) 0 0 0 1.00 1.0(1)
Bi(I) 0.5 0.5 0.5 0.54(5) 0.5(1)
Nb 0.5 0.5 0.5 0.46(5) 0.5(1)

0.2184(5) | 0.3106(4) | 0.7338(12) | 1.0 2.4(2)

U22 - U33 - U12 - U13 - U23 -

2.8(2) 3.5(2) -1.4(1) -0.6(2) -0.4(2)

x’=1.2 and R,, = 5.44 %

suggest that Bi ions occupying the {0,0,0} site are in the trivalent state and those
occupying the {1/2, /2, 1/2} site are in a pentavalent state. The Bi®* and Nb3*

ions are distributed randomly in the {t/2, 1/2, 1/} site. Although this structural
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model, R3, resulted in reliable agreement factors and structural parameters, we
made an attempt to verify the noncentrosymmetric space group R3, a subgroup
of R3, because of the present observation that BBN shows ferroelectricity at room
temperature. The refinement gave a fairly good fit (y* = 1.25), but the errors on
oxygen positions were at the third decimal with R,, = 5.58 % which is slightly
higher than that (5.44 %) for R3. Therefore, we conclude that the space group R3
better describes the structure of BBN.

This is in agreement with the present observation that substitution of smaller
Nb>* ions (0.64 A) at the Bi’* site in BBO results in the rhombohedral struc-
ture at room temperature. It must be emphasized that all these structures are

characterized by centrosymmetric space groups.

6.3.3.2 Dielectric studies

Figure 6.14a shows the real part of dielectric response of BBN at various frequencies
(100 Hz to 1 MHz) as a function of temperature. It can be seen that the dielectric
constant has a broad maximum around 400 °C, where the value of the dielectric
constant is very high, ~ 7.5 x 10% for 100 Hz. However, the dielectric constant at
room temperature is very low (~100). The broad maximum in dielectric constant
indicates a diffuse phase transition from rhombohedral to cubic. Also, there is a
shoulder at around 480 °C that may result from the disorder at the B-site because
of a decrease in the degree of long-range ordering of Bi** and Bi°" ions at high
temperatures. The dielectric maximum decreases drastically with an increase in
frequency. Further, the maximum at 400 °C shifts toward higher temperature with
increase of frequency, whereas the maximum at 480 °C does not change significantly.
The imaginary part of dielectric constant also shows a similar broad maximum

centered at around 460 °C as seen in figure 6.14b.
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Figure 6.14: Temperature dependence of (a) real and (b) imaginary part of the
dielectric constant.

6.3.3.3 Phase transition

Temperature dependence of powder x-ray diffraction showed that there is a struc-
tural transition between 450 and 700 °C (Fig. 6.15). From the inspection of the
peak at 20 = 52°, it appears that the transition occurs continuously, which is con-
sistent with the observed broad dielectric transition. This peak is composed of
three reflections (233, 013 and 112) in the rhombohedral phase, which becomes a
single broad peak at 700 °C. Considering that the broadening of this peak is caused
by the high temperature, it can be indexed as a 422 reflection in the Fm3m cubic
phase, as already reported in BBO and BaBij5Sby 503, where the rhombohedral
(R3) phase transforms to high-temperature cubic (Fm3m) structure [123]. To con-

firm that the high-temperature phase is cubic, we performed Rietveld refinement
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Figure 6.15: Powder x-ray diffraction patterns at higher temperatures indicating
the phase transition. The peak at 20 = 52°, which corresponds to [422] reflection
in the cubic phase, is expanded in the inset. The peak positions have been shifted
with the same overall scale (5° two theta). Except for the broadening due to high
temperature, the peak splitting disappears between 450 °C 700 °C.

using the program Fullprof [130]. This gave a good fit to the data (y? = 3.76) with
RBragg = 5.0 %. Because the temperature dependence of the dielectric constant
exhibits a very broad transition with a shoulder at ~ 480 °C and because of the

absence of XRD data between 450 and 700 °C, it would be difficult to infer the

exact temperature at which the structural transition occurs.

6.3.3.4 Pressure dependent phase transition

Energy-dispersive x-ray diffraction spectra (EDXD) under various pressures were
collected at the B1 station of the Cornell High Energy Synchrotron Source (CHESS).
The powdered sample of BBN was loaded into a diamond anvil cell with a tip of
500 pm, using stainless steel T 301 gasket. The pressure measurement was done
using ruby fluorescence technique [131, 132]. Using Au foil, the diffraction angle
was determined. All EDXD spectra were acquired at Ed = 47.539 + 0.009 keV A.
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Figure 6.16: EDXD spectrum of BaBiy;Nbg 303 at ambient pressure and temper-
ature.
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Figure 6.17: Pressure dependent EDXD spectra of 22 keV peak showing the phase
transition.

X-ray diffraction spectra were analyzed by line profile fitting and lattice parameter
refinements using the program XRDA [133, 134].
EDXD spectra of BBN are collected in the pressure range of 0 to 15 GPa at

room temperature. Figure 6.16 shows the EDXD spectra at ambient pressure and
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Figure 6.18: Reduced cell parameters obtained by indexing the peaks as a function
of pressure.
temperature. The spectrum is consistent with the laboratory x-ray diffraction data.
The peaks obtained in EDXD spectra are fitted with the lorentzian line profiles with
a linear background. For indexing, the Ed = 47.539 + 0.009 keV A was used. The
rhombohedral cell parameters and their atomic position obtained after refinement
on the neutron data of BBN were taken as the initial fit parameters. In the high
pressure phase, the monoclinic cell parameters and corresponding atomic positions
were given based on the BBS structure [123]. The refined cell parameters obtained
for rhombohedral phase at ambient pressure are a = 6.109(2) A and a = 60.3(1)°.
From the inspection of the peak at 22 keV as a function of pressure (Fig. 6.17),
we suggest that BBN undergoes a transition from the ambient pressure rhombo-
hedral phase (R3) to monoclinic phase (I12/m) at 8.44 GPa. At ambient pressure,
this peak is composed of (220) reflection where as at 8.44 GPa the peak splits, as
shown in the figure 6.17, which can be indexed with (220) and (004) reflections.

This confirms the occurrence of phase transition at 8.44 GPa from R3 to 12/m.
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Similarly, the peak composed of (112) and reflections of rhombohedral phase trans-
forms to monoclinic phase having (020), (112), (112) and (200) reflections. The
reduced cell parameters obtained by indexing the peaks as a function of pressure
is shown in the figure 6.18. The discontinuous change in the cell parameter shows
that the phase transition is first order in nature which is in agreement with BBS
and BBO [123]. The pressure dependent study up to 15 GPa shows no evidence
for the formation of primitive monoclinic structure with P2;/m space group and
retains the monoclinic 12/m symmetry up to 15 GPa in the hitherto system due to
the replacement of Bi®* ions by smaller Nb>* (r = 0.64 A) ions [121]. This is con-
sistent with observation in the case of BBS and is associated with the replacement
of Bi®T ions with smaller pentavalent ion [123, 126]. The refined cell parameters
obtained for the monoclinic phase, 12/m, are a = 5.91(2) A, b = 6.25(3) A and ¢
= 8.22(1) A with monoclinic angle, 3 = 88(1)° at 15 GPa.

6.3.4 Polarization - Electric field loop

The polarization with respect to electric field curve of BaBip7;Nbg 303 after an
electric poling is shown in figure 6.19. The samples Bay;BiSbOg, BaSrBiSbOg and
SroBiSbOg also show a similar loop. We believed that these compounds are fer-
roelectric assuming that there may be local non-centrosymmetric even though the
compound shows average centrosymmetric structure.

Meanwhile it was explicitly shown that the cigar shaped loop originates from the
leakage behavior of the material by comparing with polarization-electric field (P-E)
measurements carried out on the skin of a banana [135]. The analysis of artifacts
arise in the P-E measurements for the ferroelectric material are important in order

to use in technological applications [136, 137]. The switching charge (Q) measured
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ferent pellet thickness and applied electric field.
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in P-E measurement will have contribution from the remanent polarization (P,) and
electrical conductivity [135]. In lossy dielectric materials, the electrical conductivity
will lead to the cigar shaped loop. This made us to reinvestigate our results on
BaBiy 7Nby 305 (BBN) published earlier [138].

Previously we have reported that BBN is ferroelectric by showing a P-E loop
similar to cigar-shaped loop. The P-E loop reported was measured for BBN ceramic
pellet of thickness around 1 mm (Fig. 6.20a). Thus the electric field applied for
the pellet is low even though the driving voltage is 3 kV. In a capacitor, the electric
field applied is inversely proportional to the thickness of the medium between the
two electrodes. To increase the electric field applied to the material, the pellet
was thinned to 0.2 mm thickness. P-E measurement was carried out in silicone oil
bath in order avoid the short between the two electrodes at higher voltage. For a
voltage of 250 kV at a frequency 1kHz, BBN pellet shows a linear P-E loop (Fig.
6.20b) rather than the cigar shaped loop observed for the same material of higher
thickness. Further P-E measurement at a high applied electric field for 0.2 mm
BBN pellet gives the same linear P-E loop (Fig. 6.20c).

For further comparison, the results obtained from similar measurements car-
ried out in BiAlO3 (BAO) are discussed below. BAO has been reported to be a
ferroelectric material [120] as discussed in chapter 3. Here the P-E measurements
carried out for BAO pellets of thickness 1.55 mm and 0.2 mm are shown in figure
6.20d-f. For 1.55 mm thick BAO pellet, the observed P-E loop shape are similar
to that observed for lmm BBN pellet (Fig. 6.20d). Similar to BBN, the shape
changes from cigar shape to linear loop by reducing the thickness of the BAO pel-
let measured (Fig. 6.20e). At a high applied field (above the coercive field), BAO
shows the hysteresis loop typical of a ferroelectric (Fig. 6.20f). It is known in

literature that the switching charge directly proportional to the electrical conduc-
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tivity contribution [135]. However we observe that by decreasing pellet thickness,
the contribution due to electrical conductivity decreases which is not known in the
literature to our best knowledge. It is also important to mention that the area
inside the cigar shape loop also changes depending upon the frequency used in P-E
measurements as the artifacts due to leakage are highly frequency dependent [137].

Hence BBN and other ordered compounds described in this chapter are not
ferroelectric materials. The cigar shaped loop observed is due to the electrical
conductance with higher thickness of the measured pellet. Further the symmetric
Bi-O bonds indicates that the Bi**:6s? lone pair is stereochemically inactive in
these ordered perovskites similar to the cubic PbS, forming a NaCl type lattice
with perfectly symmetric lead sites [118]. The non ferroelectric nature is in agree-
ment with the fact that the compounds are centrosymmetric [138] even though an

ambiguity exists in symmetry of the parent compound BaBiOjz [116, 117].

6.4 Conclusions

BayBiSbOg, BaSrBiSbOg¢ and BaBig7Nbg 303 have been confirmed to exhibit cen-
trosymmetric rhombohedral structure with the space group R3 based on the analy-
sis of powder neutron diffraction data. BBS shows a dielectric anomaly near room
temperature which may be attributed to 12/m - R3 structural transition at 250
K. The dielectric measurement of BSBS shows an anomaly near 350 K that may
be related with the structural transition from rhombohedral R3 to cubic Fm3dm
symmetry. Further the low temperature structural analysis indicates that the struc-
ture remains in rhombohedral symmetry down to 3.5 K. High temperature x-ray
diffraction studies on BaBiy7Nbg 303 shows a phase transition from rhombohedral

to cubic structure and a dielectric anomaly near this transition. BBN also shows
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a phase transition from ambient rhombohedral to a monoclinic structure (12/m)
at 8.44 GPa based on the pressure-dependent EDXD studies. However these or-
dered compounds are not ferroelectric as the Bi-O bonds are symmetric indicating
that the Bi**:652 lone pair is not stereochemically active. The new compound
SroBiSbOg has an unusual ordering. ED analysis shows that the compound has
tetragonal symmetry with I lattice. The possible lattice parameters are 2a,+/2 X
2a,1/2 X 4a, and a,\/2 X a,y/2 X 2a,. However, x-ray pattern fitted better with

the former rather than the well known a,\/2 X a,v/2 X 2a, lattice parameters.



CHAPTER 7

Structural and magnetic properties of a perovskite

manganate, cobaltate and ruthenate™*

7.1 Ferromagnetism in perovskite oxides

Perovskites are generally metal oxides with the formula ABOj3, where A is a larger
alkaline, alkaline earth or rare-earth cation and B is a small transition metal cation.
In the perovskite structure, the B-site cation resides in the interstitial site of an
octahedron of oxygen anions and the perovskite unit cell is built from corner-
sharing BOg/2 octahedra that are connected through B-O-B linkages. The A-site
cation fits in the large cavity at the center of eight corner-sharing BOg/, octa-
hedra. Depending on the choice and stoichiometry of the A and B-site cations,
perovskites and layered perovskites can possess a wide variety of interesting prop-
erties including superconductivity, colossal magnetoresistance, ferroelectricity and
catalytic activity.[111]

In a cubic perovskite structure, A ions occupy the corners of the cube, B ions
occupy the body centre and O ions occupy the face-centre of the cube. The stability
of the perovskite structure is characterized by the so-called Goldschmidt tolerance
factor f = ((ra) + ro)/v/2({rg) + ro), where ry4, rp, ro are radii of the A, B and

oxygen ions respectively, represents the averaged ionic size of each element and f

“*Paper based on this work has been published in J. Chem. Sci. 118 (2006) 99; Solid state
commaun. 146 (2008) 110; Mater. Res. Bull. (2009) In press.
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is close to 1, for the cubic perovskite structure.

Magnetism is an interesting field of research in the perovskite oxides. Further
these oxides also possess magnetoresistive behavior. This chapter encompass the
investigations carried out on ferromagnetic perovskites, namely, Lag 7_,Ce,Bag3Mn
O3, Srp.9Cep.1Co04 g5 and SrRu;_,Cu,Os5.

Perovskite manganates of the type R;_,A,MnOj (where R is the rare-earth ion,
such as, La, Nd, Pr, etc. and A is the divalent alkaline earth ion such as, Ca, Sr,
Ba, Pb, etc.) have recently come into focus on account of the discovery of their
magnetoresistance property [139, 140], though they have been studied for almost
50 years before [141].

When average radii of A-site cations or equivalently f decreases, the lattice
structure transforms to rhombohedral (0.96 < f < 1) and then to orthorhombic
structure (f < 0.96), in which the Mn-O-Mn bond angle is bent and deviates from
180°. At finite doping of the divalent alkaline earth ions at the A-site, the charge
balance is maintained by a fraction z of Mn*t (d?3) ions distributed randomly
throughout the crystal, with the reminder in the Mn3* (d%) state.

The origin of magnetism and magnetorestivity in doped manganate, Lag7Bag 3
MnOj3, may be understood on the basis of double exchange interaction between
Mn?** and Mn?" ions [142-144]. The ‘double exchange mechanism’ proposed by
Zener (1951), which remains at the core of the understanding of magnetic oxides,
provides an explanation for the interplay between the magnetic and transport prop-
erties of the manganates for 0.2 < x < 0.4 [142]. This occurs indirectly by means
of spin coupling of mobile electrons which travel from one ion (Mn3") to the next
(Mn**). The physically relevant electrons in manganates are those from the Mn
3d levels, which are split by the octahedral crystal field due to the O?~ ligands

into low-lying triply degenerate to, (duy, dy., d..) levels and doubly degenerate e,
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(dy2_,2, dz2) levels. In the case of the end member RMnOjz, Mn** (3d*) ion, a
strong Hund’s coupling aligns the four electrons in the active shell; three electrons
populate the ty, orbitals while one electron occupies the e, orbitals. The hopping
motions of the electrons are prohibited by the Mott correlation effect.

When the manganates are doped with divalent alkaline earth ions, Mn** (3d?)
ions with only three t5, electrons are formed. They represent holes in the Mn 3d
band. The ty, electrons are mainly localized, whereas the e, electrons are mobile
and use the O 2p orbitals as a bridge between Mn ions. As a consequence, whenever
an Mn®** and an Mn** ion are separated by an O?~ ion there is a possibility for
the extra electron of the Mn3* ion to hop to the Mn** ion via the O~ ion. This
charge motion is favoured only when core f5, spins of Mn*" and Mn** ions are
coupled ferromagnetically.

The physics of the CMR manganates is more complex than it appears. Though
the double exchange mechanism could describe the observed magnetic and elec-
trical properties of manganates for the compositions 0.2 < z < 0.4, the values of
MR, the existence of ferromagnetic metallic (FMM) and ferromagnetic insulating
(FMI) phases [145], the magnetic field-induced structural transitions and charge
ordering/antiferromagnetic properties of z > 0.5 [146] have not been explained
by it. There are other interactions, for example, electron-lattice interaction, an-
tiferromagnetic superexchange interaction between the 9, local spins, inter-site
exchange interaction between the e, orbitals (orbital ordering tendency) intra-site
and inter-site Coulomb repulsion interactions among the e, electrons etc., which
compete with the ferromagnetic double exchange interaction. The electron-phonon
coupling arising from the strong Jahn-Teller coupling is also proved to be important
to understand the physics of manganates [19].

On other hand, the ferromagnetism observed in metals like Fe, Co and Ni
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and oxides like SrCoO3 and SrRuOs3 has been attributed to the collective-electron
magnetism or band magnetism rather than due to the mechanisms described above
for manganates.

Even though the localized moment theory explained the temperature depen-
dence of the spontaneous magnetization and the existence of a phase transition
to a paramagnetic state, it breaks down in one important aspect - it is unable to
account for the measured values of the magnetic moment per atom in some ferro-
magnetic materials, particularly in ferromagnetic metals. The discrepancies such
as, the observation of different magnetic moments per atom or ion in ferromagnetic
and paramagnetic phases and non-integral number of electrons per atom or ion,
were not explained by localized moment theory. These discrepancies were explained
by the band theory or collective electron theory.

In the elemental ferromagnetic transition metals, Fe, Ni and Co, the Fermi
energy lies in a region of overlapping 3d and 4s bands. As a result of overlap, the
valence electrons partially occupy the 3d and 4s band. The 4s band is broad, with a
low density of states at the Fermi level. Consequently, the energy would be required
to promote a 4s electron into a vacant state, so that it could reverse its spin, is more
than that which would be gained by the resulting decrease in exchange energy. By
contrast, the 3d band is narrow and has a much higher density of states at the
Fermi level. The large number of electrons near the Fermi level reduces the band
energy required to reverse a spin, and the exchange effect dominates. If the Fermi
energy lies within the 3d band, then the displacement will lead to more electrons
of the low energy spin direction and hence a spontaneous magnetic moment in the

ground state.



7.2 Synthesis, structure and properties of

La0_7_$CexBa0.3Mn03 (X = 00-04)

7.2.1 Introduction

Doped rare earth manganese oxides R;_,A,MnOj3 (R = trivalent rare earth: A =
divalent alkaline earth) with perovskite structure have been one of the subjects of
intensive research in condensed matter because they exhibit very interesting prop-
erties such as colossal magnetoresistance (CMR), charge, orbital and spin ordering
[19, 141, 147]. The origin of CMR effect in these doped manganates may be under-
stood on the basis of double exchange interaction between Mn** and Mn** ions and
charge-spin-lattice coupling [142-144]. Large number of materials with various rare
earth elements including those containing 4f local moments have been investigated.
We were interested in studying the effect of substitution of cerium at the A-site
because of the fact that the cerium can exist in tri-, tetra and mixed valence state
and thereby influence the structure and properties. We have found that the Ce-ions
exist in trivalent state in Sr-containing manganates [148, 149]. On the other hand,
it has been reported that in calcium containing Cag9Ceg1MnO3 the Ce-ions are in
tetravalent state [150]. Interestingly, we found that substitution of cerium leads to
a Kondo-like effect in a large band width material (W) Prg1Ceg 4SrosMnO3 [148].
In this system the Mn-moments undergo a ferromagnetic ordering at 250 K due to
DE interactions, and Ce moments order antiferromagnetically with respect to Mn
moments below T ~ 120 K. The electrical resistivity increases anomalously with
decrease in temperature, particularly below the Curie temperature T, exhibiting
a resistivity maximum at 120 K (T,,4.), which corresponds to the ordering of Ce

moments, and a minimum at 15 K (T,,;,). The anomalous temperature depen-

143
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dence of resistivity p(T) is in contrast to the expected metallic behavior below T¢
due to DE interactions. Similar results were reported for Lag 1 Ceg 4SrgsMnO3 with
the ferromagnetic ordering of Mn-moments at TC 280 K and Ce ordering below T
~130 K [149]. In these systems with larger W, since there is no charge ordering of
manganese ions and the Mn-sublattice remains ferromagnetic down to 1.8 K, the
resistivity anomaly has been attributed to Kondo-like scattering of Mn:e, conduc-
tion electrons by the localized Ce:4f moments. The decrease of resistivity below
Tnae Or cerium ordering temperature is due to reduced spin dependent scattering.

In this report, we present the results on the effect of cerium substitution in
Ba-containing Lag 7_,Ce,BagsMnOs. It is well known that the perovskite BaCeOj3
is thermodynamically stable phase. For this reason we chose a ferromagnetic com-
position with low concentration of barium i.e. a substitution level of 30 %. The
results of magnetic and magnetotransport properties are very much similar to that

observed in cerium substituted Sr-containing compounds as discussed above.

7.2.2 Experimental

Polycrystalline samples of Lag;_,.Ce,Bag3MnOz (z = 0 - 0.4) were prepared by
calcinations of stoichiometric mixtures of LasO3, CeOy, BaCO3, MnyO3 at 1100
°C and sintering at 1500 °C. Phase purity and structural analysis were carried out
with powder x-ray diffraction (XRD) data by Rietveld analysis method using the
program Fullprof [44]. Morphology and grain size were analyzed by Scanning Elec-
tron Microscope. Magnetization measurements were carried out with a vibrating
sample magnetometer in Physical Property Measuring System (PPMS, Quantum
Design, USA). Magnetoresistance measurements were done by a standard four-

probe method with PPMS by an applied field of 7 T.
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7.2.3 Results and discussion

7.2.3.1 Structural analysis
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Figure 7.1: Observed, calculated and difference x-ray diffraction patters of
Lag7-.Ce,BagsMnO3 (z = 0 and z = 0.3). Vertical tick marks are symmetry
allowed reflections and the second row corresponds to the CeO, secondary phase.

For = 0, the structure is consistent with rhombohedral system (space group
R3c) as already reported [151]. The structure remains rhombohedral up to z =
0.2 and for z = 0.3 and 0.4, it could be described by an orthorhombic phase with

the space group Imma as expected from the analysis of octahedral distortion as a
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Table 7.1: Structural parameters of Lag7_,Ce,Bag3MnO;3 (z = 0.0 and 0.3).

Parameter z = 0.0 z = 0.3

Space group R3c Imma

a (A) 5.5470(1) 5.5221(1)

b (A) - 7.8044(2)

¢ (A) 13.5001(3) 5.5443 (1)

V (A%) 359.75(1) 238.94(1)
La/Ce/Ba: z, y, z 0, 0, t/a 0, 1/a, - 0.000(1)
B 0.17(1) 0.16(2)

Mn: z, vy, 2 0,0,0 0,0, /2

B 0.01(3) 0.06(4)

O(1): =z, y, 2 0.460(1), 0, t/a 12, 1/a 0.041(5)
O(2): =, y, 2 - /4, 0.019(3), 3/a
X2 3.83 5.54

Bragg R (%) 3.81 6.30

function of A-site cation [152]. In all the cerium substituted samples, a secondary
phase of unreacted CeO, phase was present. In addition, in the case of z = 0.4,
a small amount of BaCeO3 phase could be seen as expected. These phases were
included in the refinement as secondary phases. The observed, calculated and
difference XRD patterns, for z = 0.0 and 0.3, obtained from the Rietveld refinement
are shown in figure 7.1. Vertical tick marks are symmetry allowed reflections. The
first row belongs to the main phase and the second one is due to CeO, impurity

phase. The structural parameters for x = 0.1 and 0.3 are given in table 7.1.

7.2.3.2 Magnetic properties

Temperature dependence of magnetic susceptibility (x ) measured at 0.01 T by a
field cooling process is shown in figure 7.2. From this figure we can see that all the

samples show ferromagnetic transition above 300 K. For x = 0.1, the transition
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Figure 7.2: Variation in magnetic susceptibility, measured at 0.01 T in field cooled

process, for various z in Lag7_,Ce,Bag3sMnOs3 as a function of temperature.
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Figure 7.3: Variation in magnetic susceptibility, measured at 1.0 T in field cooled

process, for various z in Lag7_,Ce,Bag3MnOj3 as a function of temperature.

temperature has increased to ~340 K from ~320 K for x = 0. Further increase of x

leads to decrease of T which is consistent with the fact that the bigger La’" ions

are substituted by smaller Ce®" ions which results in the reduction of one electron
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band width W. For z = 0.1, the temperature dependence of susceptibility shows
a tendency to decrease below ~200 K. In fact, a clear decrease of susceptibility
at low temperatures (< 50 K) can be seen from the susceptibility data measured
at 1 T as shown in figure 7.3. This indicates an antiferromagnetic coupling be-
tween the ferromagnetic Mn-moments and Ce-moment as observed in the system
Lag 1Ceq.4Srg5MnO3. Above the ferromagnetic transition temperature, the suscep-
tibility of all the samples follows the Curie-Weiss behavior. The effective magnetic
moment derived from the Curie-Weiss fit is larger (5.18 - 5.40 up) than the ex-
pected (~4.59 up) for 30 % hole doping. The observed higher values of magnetic
moment may indicate the presence of short range ferromagnetic interactions above
Curie temperature. Values of fp, the paramagnetic intercept obtained from the fit

are consistent with the observed variation of T with z as shown in table 7.2.

Table 7.2: Variation of T, 6p and particle size with z in Lag;_,Ce,Bag3MnOs.

z 0.0 0.1 0.2 0.3 0.4
Te (K) 397 340 330 319 312
0p (K) 324 335 328 317 309
Particle 0.3708 0.4595 0.4593 0.5396 0.5815
size (pm)

7.2.3.3 Resistivity

Temperature dependence of resistivity p(T) measured under zero applied field is
shown in figure 7.4. The p(T') behavior is similar to that observed in Lag 5, Ce,Srg s MnO3
[149]. Just above 300 K, all samples show a peak which corresponds to ferromag-
netic transition temperature that is consistent with the susceptibility measurements
as discussed above. The increase of resistivity with decrease of temperature above

T¢ is believed to be due to large ionic size mismatch at the A-site [153]. For higher
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Figure 7.4: Temperature dependence of resistivity under zero applied field for var-
ious z in Lagr7_,Ce,Bag3MnOs. The peak around 200 K in z = 0.4 indictes the
ordering tempreature of cerium moments.

cerium concentration (z = 0.4) there is a second resistivity maximum around 200 K
which is related to an antiferromagnetic ordering of cerium moments with respect
to Mn-moments. This peak cannot be attributed to ionic size mismatch because
the size difference between La®™ (1.216 A) and Ce** (1.196 A)[121] is very small
and there is an evidence for an antiferromagnetic ordering as inferred from the
susceptibility data measured at 1 T as shown in figure 7.3.

The scattering of Mn-e, electrons by the localized Ce-4f moments is clear from
the large negative magnetoresistance (MR = [p(7 T) - p(0 T)]/ p(0 T)) observed
for x = 0.4 in the vicinity of 200 K as shown in figure 7.5. All samples show
large magnetoresistance above room temperature due to double exchange ferro-
magnetism. At low temperatures < 10 K, the magnetoresistance for x = 0 may
arise from electron tunneling between the grain boundaries. With increase of x up
to 0.3, the MR decreases. This is due to increase in the grain size with increase

in cerium concentration as suggested by our SEM analysis. Figure 7.6 compares
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Figure 7.5: Temperature dependence of magnetoresistance, MR = [p(7 T) - p(0
T)]/ p(0 T)), for various = in Lag7_,Ce,Bag3MnOs. The MR around 200 K in z
= 0.4 arises due to the Ce:4f spin disordered scattering.

Figure 7.6: Scanning Electron Micrograph of =z = 0.0 and 0.3 in
Lag7_,Ce,Bag3MnO3 clearly showing that the grain size of Ce-containing sam-
ple (z = 0.3) is larger than the one without cerium.

the grain size for x = 0 and z = 0.3 samples and it is obvious that the latter has
larger grain size. This is also clear from the particle size calculation done using
Debye-Scherrer formula on XRD data, given in table 7.2. For x = 0.4, however,

the MR increases which is mainly due to Kondo-like scattering of Mn-e, electrons

by the Ce-4f moments as observed in Ry 1Ceq4StosMnO3 (R = La, Pr) [148, 149].
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7.2.4 Conclusions

In conclusion, the system Lag7_,Ce,Bags3MnO3 transforms from a rhombohedral
structure to orthorhombic at x = 0.3. The behavior of magnetization, resistivity
and magnetoresistance are similar to that observed for Lags_,Ce,SrgsMnO3 sug-

gesting a Kondo-like behavior. This indicates that Ce-ions are in trivalent state.






7.3 Spin state transition in the ferromagnet

Srp.9Ce1Co02 g5

7.3.1 Introduction

The perovskite cobalt oxides Ry, A,CoO3 (R = rare earth: A = alkaline earth)
have received much attention owing to various spin state transitions of cobalt ions
in Co3* and Co** oxidation states and associated physical properties such as mag-
netization, metal-insulator transition and magnetoresistance [154-156]. In these
materials, the observed spin state transition arises due to the close proximity of
the crystal field energy and the Hund’s rule coupling energy. Since the energy dif-
ference between these two energy states is only subtle and the crystal field energy
dominates over Hund’s energy, a small increase in thermal energy can populate

the excited state. For example, the ground state of LaCoQOj3 is a non-magnetic

6

insulator because of the low spin (LS) state of Co®* (25,

eJ) ions. With increase
of temperature, it undergoes a transition to an intermediate spin (IS) state (3,¢,)
at about 100 K, which results in a steep increase in magnetic susceptibility and a
semiconductor-metal transition [157, 158]. On the other hand, the ground state
of the compound SrCoO3 with the cobalt ions in high oxidation state (Co%") is
a metallic ferromagnet with the Curie temperature, Te ~ 300 K [159]. The spin

4 el electronic

state of this system has been suggested to be intermediate with the ¢; e,

configuration [160, 161]. Synthesis of this compound by the solid state reaction
method leads to the formation of Brownmillerite-type structure [162]. It requires
high oxygen pressure to stabilize this compound in the perovskite structure with
the cobalt ions in the Co** oxidation state. Depending on the oxygen pressure,

this compound can take different oxygen content [163, 164]. The oxygen vacancies
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in SrCoO;_s result in a Co?™ and Co*T mixed valence and thus a decrease in T¢.
Alternatively, it has been reported that this compound could be stabilized in per-
ovskite structure under normal preparative conditions by substituting various rare
earth ions for Sr?* ions [165-169)].

In general, the transition metal oxides with the ABOj perovskite structure
containing cerium at the A-site are difficult to prepare because of the stability of the
Ce** oxidation state. The size of the Ce** ion is too small to stabilize the perovskite
structure. There are only few three-dimensional perovskite oxides reported in the
literature with the cerium at the A-site occupied completely or together with other
rare earths/alkaline earths. In these oxides, the cerium is reported to be in Ce3*
state or Ce™ /CeT mixed valence state [170, 171]. As a result, the extended nature
of 4f! electronic configuration of cerium has significant influence on the transport
and magnetic properties. For example, anomalous magnetic ordering of cerium
and Kondo-like effect has been reported in Rg1Ce4Sro5MnO3 (R = La and Pr)
(148, 149]. Tt is for these reasons, we have studied the effect of cerium substitution
on magnetization, magnetotransport, Infrared (IR) absorption and heat capacity

in Sr;_,Ce;CoO3_s.

7.3.2 Experimental

The samples, Sry_,Ce,CoO3_s (z = 0.1 and 0.2) were prepared by a citrate method
as described below. The starting materials, SrCOj3, Ce(NOj3)3.6H20 and Co(NOs3)s.
6H>0 were taken in appropriate molar ratio with an excess of citric acid and dis-
solved in water to form a clear solution. First the solution was heated at 150 °C
to evaporate water and to form a gel. The gel was heated at 250 °C to form a

solid. The solid was then heated at 650 °C in flowing N, to decompose carbon
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moiety. The resulting material was ground in an agate mortar and the powder
was heated at 1000 °C (N3) and followed by 1100 °C in Oy atmosphere with in-
termittent grindings. Finally the powder was pressed into bars and annealed in
flowing oxygen at 1150 °C. The oxygen content was determined by the iodometric
titration method [172]. In this method, a known amount (38 mg) of the sample
was dissolved in 15 ml of 2 M HCI solution containing an excess of KI resulting
in the reduction of tri and tetravalent cobalt ions of the sample to Co®*" ions and
liberation of a stoichiometric amount of iodine in the solution. Liberated iodine
was titrated immediately with the standardized (0.05 M) NayS,03 solution using
starch as an indicator.

Phase purity and structural analysis of the samples were carried out with pow-
der x-ray diffraction (XRD) data collected from a Phillips diffractometer by the
Rietveld analysis method using the program Fullprof [44]. Magnetization measure-
ments were performed with a vibrating sample magnetometer in Physical Prop-
erty Measuring System (PPMS) (Quantum Design, USA). Fourier transform far-
infrared (FTFIR) measurements were carried out using Bruker IFS 66 v/S in the
transmission mode. The pellets were prepared by diluting a small portion of the
sample with polyethylene. The spectra were recorded in the temperature range
113-300 K. Magnetoresistance measurements were made by the standard four-probe
method with the PPMS. Heat capacity was measured by the relaxation method
between the temperature interval of 2 K and 300 K under zero applied magnetic
field with PPMS. In this measurement a small piece of sample was fixed on the sap-
phire substrate with the help of Apiezon N grease. The sample heat capacity was

obtained by subtracting out the addenda contribution from the total heat capacity.
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7.3.3 Results and discussion

7.3.3.1 Structural analysis
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Figure 7.7: Observed, calculated and difference x-ray diffraction pattern of
Srp.9Ceg 1Co004 g5 after Rietveld refinement.

Although the samples with z = 0.1 and 0.2 in Sr;_,Ce,CoO3_s were prepared,
only the sample with z = 0.1 resulted in a single phase with the cubic perovskite
structure. It may be mentioned here that the sample (z = 0.1) prepared by the
solid state reaction method contained a small amount of the CeO, impurity phase.
Since the sample with x = 0.2 had a considerable amount of unreacted CeOy impu-
rity only the single phase sample (z = 0.1) prepared by the chemical route has been
characterized and studied. The structural parameters obtained from the Rietveld
refinement of XRD data with the space group Pm3m is shown in table 7.3 and the
final pattern is shown in figure 7.7. The obtained lattice parameter (a = 3.8368(2)
A) is close to that reported for SrCoO; [159]. The oxygen content determined
from the iodometric titration method is 2.85 4 0.01 so that the chemical formula

of the sample can be written as SrggCey1C00s 5. According to this formula and
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considering that the Ce-ions are in tetravalent state, the cobalt ions in this com-
pound exist in a mixed valence state with 50% of Co®* ions and 50% of Co** ions.
Similar value of oxygen content for the sample prepared in flowing oxygen has been
reported for the same system by Maignan et al. [173]. They have reported electron
diffraction study of the microstructure on this system with different oxygen con-
tent. They observed superstructure that is related to the oxygen vacancy ordering.
Since the present sample also has oxygen vacancy a similar microstructure could
be present in this sample.

Table 7.3: Structural parameters of SrggCeg1Co00O5 g5 obtained from the Rietveld

refinement of XRD data. *Value fixed as obtained from the analytical method (see
text). B for oxygen is fixed at 1.5.

Pm3m
a = 3.8368 A
Atoms X y z B(A?) Occupancy
Sr/Ce 0.0 0.0 0.0 0.91(5) 0.9/0.1
Co 0.5 0.5 0.5 0.79(8) 1.0
O 0.5 0.5 0.0 1.5 2.85*
Bragg R = 8.5 % and x? = 4.3.

7.3.3.2 Magnetic properties

Temperature dependence of magnetic susceptibility (y) measured at 0.3 T in field
cooled (FC) mode is shown in figure 7.8. It can be seen that the x increases rapidly
below ~ 160 K indicating the ferromagnetic transition (T¢). At low temperatures
the x tends to saturate. Above T, the variation of susceptibility with temperature
could be fitted with the Curie-Weiss law. The value of paramagnetic effective
moment, f.¢s obtained from the fit is 3.18 pp. This value of s is close to

the calculated one (3.39 up) arrived at by considering the IS state for both the
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Figure 7.8: Variation of magnetic susceptibility as a function of temperature. Inset
shows the isothermal magnetization at 5 K.

Co** and Co** ions and the cerium in 44 oxidation state. Such a spin state has
been reported for R 7919.33C003 [174]. The value of the paramagnetic Curie-Weiss
temperature, #p obtained from the intercept is 150 K which is close to the observed
Te. The magnetization (M) as a function of applied field (H) at 5 K is shown in
the inset of figure 7.8. The M(H) curve is similar to that of a soft ferromagnet and
the value of saturation magnetization (M) is 1.15 up/Co. A similar M(H) curve
and saturation magnetization (M) value have been reported for Srg¢Thg1CoO3 s
[175]. However, the observed value is much lower than the expected value (2.5 pp)
based on the IS state of Co** and Co*t ions. This may indicate that there is a

spin state transition at low temperatures.

7.3.3.3 Far-infrared studies

In order to verify the spin state transition, we have carried out temperature de-

pendent IR absorption experiments on the cubic perovskite, Srg9Cey.1CoOs g5 with
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O} symmetry. For the cubic perovskite, ABOs3, the irreducible representation is
given by T'yppr = 4F1,+F2, [176]. One of the Fy, mode corresponds to the acoustic
phonon and Fs, is silent. Hence a cubic perovskite has three IR active modes,
namely, the stretching mode of the BO3, bending mode of the BO3 and the trans-
lational motion of A atoms with respect to the BOj3 (external mode). In general,
when a spin state change occurs in the BOg octahedra, the bond distances and
the bond angles are affected. Hence one would observe changes in the phonon
frequencies across the transition as observed in LaCoOj [177].

Figure 7.9(a) shows the typical room-temperature IR spectrum for Srg 9Ceg 1 CoOq g5.
We can observe all the three IR active modes in the spectrum, namely, 117.3 cm™!-
external mode, 157.5 ecm™!-bending mode and 195.7 cm ™ -stretching mode. Figure
7.9(b-d) shows the temperature dependence of these modes. It is interesting to note
that the external mode at 117.3 cm™! is insensitive to the temperature variation.
This is consistent with what is expected for a spin state transition which does not
affect the A-site ions. On the other hand, the internal modes of BO3 change near
the ferromagnetic transition temperature (160 K). Upon decreasing the tempera-
ture one expects the optical modes to harden or remain unchanged. Softening or
change in slope of the mode signifies a possible phase transition. It is important
to note that the stretching mode (195.7 cm™!) which is related to modulation of
B-O bond distance shows a significant decrease (1%) with decrease in temperature
below 160 K. On the other hand the bending mode (157.5 cm™!) which is related
to the bending of the O-B-O angle shows a hardening up to 160 K (0.3 %) and sub-
sequently shows very little change with decrease in temperature. We suggest that
the softening of these internal modes near T result from a spin state transition.
At high temperatures, both Co®t and Co** ions are in the IS state and have one

electron in e, orbital. Since this material undergoes metal-metal transition, only
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Figure 7.9: (a) Room-temperature FIR spectrum of Srg9Ceq1C00585 (b-d). Tem-
perature dependence of vibrational modes at (b) 117.3, (¢) 157.5 and (d) 195.7
cm~!. The change in slope observed near 160 K in the modes (b) and (c) suggests
that there is a spin state transition.

one of them should undergo a transition to a LS state where there is no e, electron.
This will lead to net increase in Co-O bond length and thus a decrease in phonon
energy (softening). Now the question is which one undergoes spin state transition.

If we consider that the IS Co®* ions are transformed to LS Co®* (5 e)) as observed

in LaCoOj [177], the resulting ground state configuration is IS Co** (t3,e,) which is

similar to that suggested for the ferromagnetic half-metallic SrCoO3 where there is
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a large e, band width [161]. On the other hand, the configuration IS Co®** and LS
Co** can give way to double exchange mechanism. From the present study, how-
ever, it is difficult to ascertain whether the double exchange mechanism involving
hopping of e, electron with ligand hole configuration (3,L) or band magnetism is
responsible for ferromagnetism. In both the ground state configurations, there is a
population of e, orbital and the calculated saturation moment is 1.5 y15/Co, which
is higher than the observed moment. The fact that this system shows metallic be-
havior and the absence of strong feature in the resistivity at the Curie temperature
suggest that the ground state of this system is LS Co®*(£5,¢)) and IS Co**(t3,e;).

Alternatively, electron-phonon coupling could also be associated with the ob-
served phonon behavior. If the changes in internal modes were due to electron-
phonon coupling, one would expect not only an abrupt increase in phonon frequen-

cies but also a decrease in full width at half maximum across the ferromagnetic

transition, as for example, observed in SrRuOj3 and Lag7Cag3MnO;3 [178, 179].

7.3.3.4 Resistivity

The temperature dependence of resistivity p(T) measured under zero and 7 T field
is shown in figure 7.10. In zero field, p(T) decreases linearly with decrease of
temperature and deviates at around 220 K with a significant drop in p at 160 K
indicating a broad metal-metal transition which is correlated with the ferromag-
netic transition observed in magnetic susceptibility. At low temperature (T ~ 60
K), there is a well defined minimum in the resistivity (pmin). Such a pp:, has
been observed not only in other perovskite cobalt oxides but also in bulk and thin
film forms of manganates and SrRuQOgs. The origin of p,,;, in these materials has
been attributed to electron-electron scattering rather than the Kondo effect, grain

boundary and phase separation [180-182]. Since the present sample is polycrys-
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Figure 7.10: Temperature dependence of resistivity under 0 T and 7 T field show-
ing a metal-metal transition (~ 160 K) and resistivity minimum (T,,;, ~ 60 K).
Temperature variation of MR also shown in this figure.

talline, it is difficult to separate various contributions. However, it can be seen
from figure 7.10 that the T,,;, does not change significantly with an applied field
of 7 T. If the origin were solely from grain boundaries, we would expect that T,,;,
should be suppressed. Therefore, the insensitivity of T,,;, to the applied filed indi-
cates that there can be other mechanisms as discussed above which contribute to
the increase in resistivity at low temperatures in addition to the grain boundary
scattering.

Under 7 T, there is a positive shift of the inflection point of two linear regions
indicating the presence of possible inhomogeneity or short-range correlations. It
is important to note that there is a negative magnetoresistance (MR) from 250 K
down to the lowest temperature measured. The MR near T is due to reduced spin
disordered scattering. As the T of SrCoO3_s can be as high as 300 K depending
upon the oxygen content, the observed MR at much above T in the present system

may be due to the broad ferromagnetic transition resulting from the inhomogeneity
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arising from the oxygen vacancies. However, the magnitude of magnetoresistance
is smaller than that observed in manganates as shown in the figure 7.10. Similar

results were reported for SrggRg1C003_s (R = La and Th) [169, 175].

7.3.3.5 Heat capacity
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Figure 7.11: Plot of heat capacity versus temperature between 110 K and 200 K.
Inset shows the variation of Cp/T versus T2 in the temperature range, 2.2 K - 10
K.

The temperature dependence of specific heat data in the temperature interval
100-200 K is shown in figure 7.11. As seen from this figure, there is a small
change in slope near 150 K but there is no clear anomaly associated with the
ferromagnetic transition. The absence of specific heat anomaly may be due to
the broad ferromagnetic transition as indicated by p(T). It is also possible that the
entropy change associated with the cobalt ordering is very small. In fact, a very low
value (10%) of the expected entropy has been reported for Lag 67510 33C003 and in
manganates [174, 183]. The low temperature specific heat data (2.2-10 K) is shown

in the inset of figure 7.11 as C vs T plot. The data are fitted with the formula C
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= §T%?% + 4T + BT® representing contributions from ferromagnetic spin waves,
electrons and lattice, where §, v and (3 are the magnetic, electronic and lattice
specific heat coefficients; 8 o 1/03%, and ©p is the Debye temperature. The values of
§, v and ©p obtained from the fit are 1.4 m.J/mol K*/2, 39.4 mJ/mol K? and 228 K,
respectively. The observed value of is less than that (47.8 mJ/mol K?) reported for
Lag ¢75r0.33C003 but nearly 14 times larger than that in Lag 7Sro3sMnOj3 [174, 183].
Since such a high value of has been reported for the non-metallic NdCuyO,4 the
contribution to the linear term has been discussed in terms of magnetic origin

[184].

7.3.4 Conclusions

In conclusion, we have reported that the system Sr¢Cey1Co0O4 g5 crystallizes in a
cubic perovskite structure. It exhibits a ferromagnetic as well as a broad metal-
metal transition around 160 K with a resistivity minimum at T,,;, = 60 K. It shows
a negative magnetoresistance below T ~ 250 K with a maximum magnitude of 5%
near T¢ at 7 T. Magnetic measurements reveal that the Co®* and Co** ions are in
the intermediate spin states (t3,e;) and (t3,e;), respectively. Below T¢, the Co**

(IS) ions are transformed to the LS state. The electronic specific heat coefficient v

= 39.4 mJ/mol K? is much higher than that observed in related materials.



7.4 Itinerant ferromagnetism to insulating spin glass

in SrRu;_,Cu, O3 (0 < x <0.3)

7.4.1 Introduction

Ruthenium oxides with perovskite and related structures have been the subject of
intensive research owing to their interesting properties of magnetism and super-
conductivity [185-187]. It is well known that SrRuOs is a metallic ferromagnet
with a Curie temperature of T¢ ~ 165 K [185]. In this material, ferromagnetism
has been attributed to the collective-electron magnetism that arises from low spin
Ru** ions having localized 4-d electrons with magnetic moments ranging from 0.8
- 1.6 pp/Ru. The unsaturated magnetization of SrRuO3 even at 4.2 K and 12.5
T suggests a very narrow 4-d band compare to a 3d band of iron and/or large
magnetocrystalline anisotropy. In this material, the Ru ions are coordinated with
six oxygen ions forming RuOg octahedral layers which are connected through api-
cal oxygen. From the literature, it is known that the magnetic coupling is very
sensitive to the perturbation in Ru-O-Ru bond length and angle by chemical sub-
stitution [188]. Therefore, the study of chemical substitution either at A or B site
of this ABOj3 perovskite will give an insight into the physical properties of these
systems. Substitution of various transition metals such as Zn, Ni, Co, Fe, Mn and
Cr at the Ru site has already been reported [189-191]. Except for Cr, the sub-
stitution of other metals suppresses T¢. For M = Cr, the T¢ increases with Cr
substitution up to a critical concentration and then decreases with further increase
of Cr [192]. We have chosen the study of copper substitution on the magnetic and
transport properties of SrRuOg3. This study is also interesting in view of the su-

perconductivity reported in a double perovskite SroYRu;_,Cu,Og [193]. Although

165
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the structures of SrRuO3 and SrCuQO, are different, we thought that there could
be a considerable amount of Cu substitution at the Ru site while preserving the
perovskite structure. In this paper, we report that the substitution of Cu at the Ru
site in SrRuO3 decreases the T significantly and the system becomes insulating
spin glass for z = 0.3. For x = 0.2, both clusters of ferromagnetic and antiferro-
magnetic regions coexist due to possible magnetic phase separation. Our results
are quite different from those reported in the literature [194]. The discrepancies
between these reports are discussed based on the preparation method which influ-
ences the properties greatly [195]. Further, these systematic substitutional studies
may explain the observation of highest T, for Rug7Cug3SroGdCusOg [196] as the

ferromagnetism get suppressed for 30% of Cu in SrRuOs.

7.4.2 Experimental

Samples were prepared by a conventional solid state method from the starting
materials, SrCO3, CuO and RuO, (preheated at 600 °C) with 99.9 % purity. Stoi-
chiometric amounts of starting materials were weighed and mixed thoroughly with
the use of an agate mortar. The mixed powder was calcined at 900 °C and 1100 °C
for 12 hours at each temperature with an intermittent grinding. All these samples
were sintered at 1200 °C in flowing oxygen for 12 hours except SrRuOj for which
the sintering temperature was 1100 °C. Phase purity and structural analysis of the
samples were carried out with x-ray powder diffraction (XRD) data collected from
the Seifret 3000 T'T and Philips X’Pert Pro x-ray diffractometers by the Rietveld
analysis method using the program fullprof [44]. Magnetic measurements were
performed with a Vibrating Sample Magnetometer (VSM) in Physical Property

Measuring System (PPMS), Quantum Design, USA. Standard four-probe resistiv-
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ity, with and with out magnetic field (7 T), and ac susceptibility measurement of

the samples were performed in PPMS.

7.4.3 Results and discussion
7.4.3.1 Structural analysis

There exists a solubility limit (z = 0.3) of copper in SrRu;_,Cu, O3 beyond which
impurity peaks belonging to CuO phase appear. For z = 0, the structure is consis-
tent with an orthorhombic system (space group Pnma) as already reported [197].
The structure remains orthorhombic up to z = 0.1. For z = 0.2 and 0.3, it trans-
forms to a tetragonal phase with the space group 1//mcm. This space group
is in accordance with a report that the SrRuOj transforms to high temperature
cubic phase (Pm3&m) through an intermediate temperature tetragonal structure
(L4/mem) [198].

The observed, calculated and difference XRD patterns, for x = 0.1 and 0.2,
obtained from the final Rietveld refinement of the data collected from the Philips
diffractometer with a secondary graphite monochromater are shown in figure 7.12.
From the insets of this figure, it is clear that there is a structural change. In the case
of x = 0.2, as discussed in the following paragraph, the magnetic measurements
indicate the presence of small amount of SrRuO3 phase. But we could not see
any clear peak in the XRD pattern due to this impurity phase. This suggests
that the amount of secondary phase must be less than 5 %. However, the StTRuQO3
phase was also included as a secondary phase in the refinement. The inclusion of
the secondary phase resulted in decrease of Bragg R-factor from 3.7 to 2.99 (%)
and the amount of secondary phase was determined to be 3 (%). The structural

parameters obtained from the refinement are shown in table 7.4. The volume of



168 Chapter 7.

L (a) 8000 Y= 01

ﬁ] Orthorhombic

S

24000

IS
&
S
8

L

Intensity (cts

16000

-4000

"
V
44 46 48 50 52 54 56 58 60

26()

800:-_ it i i i L—‘-—I——L—-——A—

:.9\ Lo R L R T
S
_Zs 4 o —
= oy Ty
2 8000 -
2 24000 (b) E x=0.2
— -~ 4000
0 % Tetragonal
> _iU]l* L
16000 + 8 no [ I
C  -4000
£ . N
44 46 48 50 52 54 56 58 60
8000 x 200)
0

b + A
1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

20 30 40 50 60 70 80 90 100 110 120
26(")

Figure 7.12: Observed, calculated and difference XRD patterns of z = 0.1 (or-
thorhombic) and 0.2 (tetragonal). Vertical tick marks are the symmetry allowed
reflections. For z = 0.2, the vertical tick marks in second row corresponds to
SrRuO3 phase. Insets show splitting of lines due to structural change.

the unit cell increases with increase of copper content (242.28(1) A® for z = 0 to
242.83(2) A? for 2 = 0.3) indicating that the copper ions are in +2 oxidation state
according to the ionic size consideration. The ionic radii of Ru*" and Cu?* in six
coordination are 0.62 A and 0.73 A, respectively [121]. A similar behavior has been
reported for CaRu;_,Cu, O3 [199]. If Cu ions were in Cu®* state (roys+ = 0.54 A),

we would expect a decrease in volume with increasing Cu content. As the Cu?*
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Table 7.4: Structural parameters of SrRu;_,Cu,O3 (z = 0.1 and 0.2).

Parameter z=0.1 z=0.2
Space group Pnma 14 /mem

a (A) 5.5403(1) 5.5109(1)

b (A) 7.8477(2) -

¢ (A) 5.5774(1) 7.9947(1)
V (A% 242.499(9) 242.800(7)
Sr: z, y, 2 ggéigz}’) - 0, 1/2, 1/a

B (A?) 0.66(3) 0.57(5)

Ru, Cu: z, y, 2z 0, 0, 1/2 0,0,0

B (A?) 0.33(3) 0.10(5)
O(1): z, y, 2 -0.001(2), /a, 0.452(3) | 0, 0, /2
0@Q): z, 3, 2 8;3@% 0-024(): 14 9136(9), 0.7136(9), 0
Y 2.96 3.78

Bragg R (%) 2.55 2.99
(Ru,Cu)-O(1) A 1.981(2) x 2 1.999 x 2
(Ru,Cu)-0(2) A 1.993(9) x 2 1.969(5)x 4
(Ru,Cu)-0(2) A 1.980(9) x 2 -
Egigg?gl) 164.13(6) 180.0
Egﬁ:gﬁg'(?)@)' 163.284) 163.4(2)

(d°) electronic configuration is Jahn-Teller active, the difference in bond length

between the (Ru,Cu) - O(1) and (Ru,Cu) - O(2) bonds is a measure of Jahn-Teller

distortion. It can be seen from table 7.4 that for x = 0.2, there are two longer

and four shorter (Ru,Cu) - O bonds indicating that the (Ru,Cu)Og octahedra are

distorted by an elongation of two axial bonds. Further, the difference between the

two longer and four shorter bonds is 0.03 A which indicates a significant Jahn-
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Teller distortion. This confirms that the copper ions are substituted as Cu?* ions.
Although Ru and Cu ions are distributed at the same site, such a strong Jahn-Teller
distortion can only be due to Cu?" ions as the Ru ions do not show Jahn-Teller
distortion. For z = 0.1, the difference between the various bond lengths is only
about 0.01 A. The lattice parameters for z = 0.3 are a = 5.5129(1) A and ¢ =

7.9938(3) A.

7.4.3.2 Magnetic properties
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Figure 7.13: Temperature dependence of magnetization recorded at 0.01 T (FC)
in SrRu;_,Cu,03. Inset shows the antiferromagnetic transition at around 32 K in
z = 0.2.

The field cooled (FC) temperature dependent magnetization, M(T) data of
SrRu;_,Cu,O3 (z = 0.0 to 0.3) in the temperature interval of 5 K to 300 K at
a field (H) of 0.01 T are shown in figure 7.13. It can be seen from this figure
that for z = 0, there is a sharp ferromagnetic transition at 163 K which is close
to the reported value [185]. With increase of z, the ferromagnetic transition de-

creases to 100 K and 65 K for z = 0.1 and 0.2, respectively. The decrease of T¢
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Figure 7.14: (a) ZFC and FC susceptibility measured for z = 0.2 at 0.01 T. (b)
Frequency dependence of the real part of ac susceptibility (x/).

is due to the dilution of Ru** ions by the Cu?* ions and hence the narrowing of

Ru 4d bandwidth. For z = 0.1, in addition to the transition at 100 K, there is

another weak ferromagnetic transition at the temperature close to the ferromag-

netic transition observed in SrRuOjz. This indicates the presence of traces (< 3

%) of SrRuO3 impurity phase. For z = 0.2, the zero field cooled (ZFC) and FC

susceptibility are shown in figure 7.14a. It can be seen from the magnetization

curves that there are features at 155 K, 65 K and 32 K. The feature at 155 K

(T¢) indicates ferromagnetic ordering due to the SrRuQOj3 impurity phase as also
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observed in x = 0.1 whereas, the feature at 65 K (T¢g) is due to ferromagnetic
transition of copper substituted phase (z = 0.2). On the other hand, the peak at
32 K (Ty) is antiferromagnetic that arises from the magnetic interaction between
Ru and Cu ions. The presence of both ferromagnetic and antiferromagnetic inter-
actions indicates a possible magnetic phase separation. Magnetic phase separation
in perovskite manganates has been investigated extensively [200, 201]. In order
to confirm the antiferromagnetic ordering, we have performed magnetization at
various fields. The fact that the peak at M(T) is robust and does not disappear
even at a field of 1 T as shown in the inset of figure 7.14a confirms the presence of
antiferromagnetic interactions. Obviously, there cannot be a long range antiferro-
magnetic ordering and it is only a short range in nature. Although the ZFC and
FC dc susceptibility show irreversibility, as shown in expanded linear scale in the
inset of figure 7.14b, the fact that the decrease of FC magnetization below the peak
indicates that this transition is not that of a typical spin glass. In the spin glass
system, the FC magnetization remains constant below the peak as seen for z = 0.3
(Fig. 7.15). Also the peak position at the ac susceptibility does not shift apprecia-
bly with frequency. The value of (AT,/T,) (1/ Alog;,0 v) for 100 Hz and 1 kHz is
0.0003 (A, change of T, and log;0 v ; Ty, spin-glass transition temperature; and v,
frequency), assuming that T, is the peak temperature of x’. Such a low value rules
out the possibility of a spin glass. Therefore, it appears that substitution of Cu?*
ions suppresses ferromagnetism and induces antiferromagnetic interaction between
Cu and Ru moments.

For x = 0.3, there is only one transition at 40 K below which the magnetization
remains constant and there is no indication for the presence of SrRuO3 impurity
phase. However, this feature cannot be due to ferromagnetic transition as it is

always associated with a sharp rise in magnetization. In fact, the magnetic sus-
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Figure 7.15: (a) ZFC and FC susceptibility measured at 0.01 T for z = 0.3. (b)
Frequency dependence of the real part of ac susceptibility (x/) indicating a spin

glass behavior.

Table 7.5: Variation of ©p, Observed and calculated p.rr and Mg with x in

SrRu;_,Cu,Os.

x ©p (K) Exp.pierr(pp) | Cale.pierr(up) | Ms(pp)
0.0 163.88 2.815 2.828 1.46
0.1 102.25 2.642 2.741 0.97
0.2 -6.64 2.693 2.651 0.28
0.3 -144.41 2.575 2.550 0.074
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ceptibility follows the Curie-Weiss behavior down to 50 K. All other samples show
Curie-Weiss behavior above 175 K. The values of effective paramagnetic moment
(fterp) for all the samples as obtained from the Curie-Weiss fit are given in table
7.5. For z = 0, the experimental value of p.;y = 2.815 pup implies that the Ru is
in +4 oxidation state with 2 unpaired electrons due to low spin arrangement (S
= 1) whose calculated pi.ss is 2.828 pup. For x > 0.1, the experimental values are
close to the theoretical value calculated by considering Cu in 42 oxidation state
(S = 1/2) which is in agreement with the variation of lattice volume as discussed
above. For x = 0.1 and 0.2, the calculated moment includes the contribution from
SrRuQO3 impurity phase. As the Ru*' ions are substituted by the lower valent
Cu?* ions the charge compensation requires a corresponding oxygen vacancy or
higher oxidation states, Ru®*/Ru®" of Ru-ions. Consideration of Ru’" state (S
= 3/2) would result in larger effective magnetic moment than the observed one.
Therefore, the possibility of the existence of Ru’" ions appears to be ruled out.
On the other hand, the effective moment for Ru** or Ru®* ions would be the same
because both of them have S = 1/2. This makes it difficult to understand the
change in oxidation state of Ru** ions from the present study. Finally, there can
be a vacancy of oxygen that can compensate the charge imbalance due to Cu?*
substitution. A precise knowledge on oxygen content and spectroscopic studies are
necessary to know the change in oxidation state of Ru** ions in copper substituted
samples. However, the present study reveals unambiguously that the copper ions
are present in the +2 oxidation state. It should be noticed from this table that the
paramagnetic intercept, ©, changes its sign from positive to negative as z increases.
This behavior is consistent with the suppression of ferromagnetism and appearance
of antiferromagnetic ordering as discussed above. However, for x = 0.3, there is no

signature of antiferromagnetic or ferromagnetic ordering in M(T) curve. In order
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to understand the nature of magnetic transition in z = 0.3, we have measured the
zero field cooled (ZFC) and FC susceptibility under 0.01 T and the result is shown
in figure 7.15a. As can be seen from this figure that the ZFC curve shows a cusp
with a peak at T = 38 K below which there is an irreversibility between the ZFC
and FC curves. This behavior is typical of a spin glass system. Such a spin glass
behavior could be explained by the disorder of Ru** and Cu?* ions as well as their
competing ferro- and antiferromagnetic interactions, respectively.

In order to get more insight into the spin glass behavior of z = 0.3, we have
carried out ac susceptibility measurement at various frequencies. The real part of
ac susceptibility (') as a function of temperature at various frequencies (97, 997,
4997, and 9997 Hz) are shown in figure 7.15b. The measurements were performed
at an ac field of 5 Oe. The susceptibility curves display a cusp with a peak around
39 K as observed in ZFC dc susceptibility measurement. It is clear from this figure
that there is a frequency dependence of x’ below 44 K down to low temperatures.
With the increase of frequency, the peak temperature of the cusp shifts toward
the high temperature. The temperature shift, K calculated from the relation,
(AT,/T,) (1/ Alog;0 v) lies in the range 0.01 - 0.03. Similar value is reported for
RuSryGd; 5Cep 5Cuz019_s and other spin glasses [202, 203].

The isothermal magnetization M(H) for all the samples recorded at 5 K is
shown in figure 7.16. The ordered magnetic moment of x = 0.0 at 9 T field is
1.4 pp/Ru which is less than the expected value, 2 pp for a localized low spin
configuration (S = 1) of Ru?™ ion. The low value of ordered moment has been as-
cribed to band magnetism [204]. With increase of z, the ordered moment decreases
due to weakening of ferromagnetism. It is quite obvious from the figure that the
sample with x = 0.3 shows a linear behavior indicating the absence of ferromag-

netism. The absence of ferromagnetism may explain the observation of highest T\
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Figure 7.16: Isothermal magnetization measured at 5 K for various x values in
SrRu;_,Cu,03. For x = 0.3, the magnetization varies linearly with field indicating
the absence of ferromagnetism.

in Rug7Cug 3SrsGdCuyOg [196]. Recently, a similar study of copper substitution at
the ruthenium site in SrRuOj3 has been reported [194]. However, our results on the
structure and magnetic properties are slightly different from those reported. This
may be due to different preparation conditions followed that are known to affect the
structural, magnetic and transport properties. For example, preheating of RuO,
is essential because it contains moisture. Further, the high reaction temperatures

and prolonged heating could lead to Ru vacancies which can affect the structural

and physical properties [195].

7.4.3.3 Resistivity

SrRuOj is well known for its metallic behavior and ferromagnetism. At the mag-
netic transition (T = 165 K) there is a drop in resistivity due to reduced spin
disordered scattering as shown in the inset of figure 7.17. With the substitution

of Cu at Ru-site, the system loses its metallic behavior and exhibits zero magne-



7.4.3 Results and discussion

177
10
10 2.2
L 20] /
F —~ 18] SrRuO oT
3
10° 3 g 16
F c
£
€
O L L L L
! 110 165 220 275
g‘ Temperature (K)
Q
100 i 1 1 1 1 1
0 50 100 150 200 250 300
Temperature (K)
Figure 7.17: Resistivity as a function of temperature in SrRu;_,Cu,O3. Inset

shows the typical p(T) behavior of STRuO3. Other samples show semiconducting
behavior without any magnetoresistance. The data represented by various symbols
are measured under zero applied field whereas the continuous lines are measured

under 7 T field.

20

In (p)

0.24

Figure 7.18: Log of resistivity as a function of T~'/* for z

0.

27 0.30 0.33 0.36 0.39 0.42
T (K-1/4)

0.1, 0.2 and 0.3 in

SrRu;_,Cu,0O3. The linear behavior is indicative of Mott variable range hopping

conduction mechanism.



178 Chapter 7.

toresistance over the entire range of temperature measured. Figure 7.18 shows the
plot of Inp versus T4 for z > 0.1. For z = 0.1, and 0.2, the linear region exists
only at low temperatures. For z = 0.3, the resistivity shows a linear behavior over
the entire range of temperature. This behavior is typical of Mott variable-range
hopping (VRH) conduction mechanism described by the expression, p = py exp
(To/T)Y* where py is a resistivity prefactor and Ty is the characteristic tempera-
ture [205-207]. The predicted hopping length is, r = a(T/T)Y*, where a is the
effective Bohr radius [207]. At 10 K, the values of r obtained from the calculation

are 4a, 16a and 41a for x = 0.1, 0.2 and 0.3, respectively.

7.4.4 Conclusions

Substitution of Cu at the Ru site of ferromagnetic metallic STRuO3 (T¢ = 165 K)
results in a structural transition from an orthorhombic (z = 0) to a tetragonal sym-
metry at x = 0.2. The tetragonal structure is consistent with the observed strong
Jahn-Teller distortion of (Ru,Cu)Og octahedra. Further, the ferromagnetism and
metallicity is suppressed and for z = 0.3 it becomes an insulating spin glass. At z
= 0.2, the ferromagnetic (T¢ = 65 K) and antiferromagnetic regions coexist. The
suppression of ferromagnetism with increasing Cu content is caused by the narrow-
ing of Ru-4d bandwidth while the appearance of antiferromagnetism is believed to
be due to the exchange interaction between Cu and Ru moments. In the case of z

= 0.3, a spin glass insulating behavior is observed.
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