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Preface

This thesis presents the synthesis and investigations of physical properties of
multiferroic materials. Multiferroics are materials in which two or all the three properties:
ferroelectricity, ferromagnetism and ferroelasticity occur in the same phase. Such
materials have alluring potential applications because of the existence of many order
parameters. The thesis is organized into four sections. Section 1 gives an overview of
multiferroics, explaining the origin of multiferroicity, occurrence of magnetoelectric

coupling, their possible technological applications and the challenges involved.

Section 2 gives the scope of the investigations. The specific objectives of the
present research on hexagonal rare-earth manganites like ErMnO3; and LuMnQO3, Raman
evidence of multiphonon scattering in ToMnOg3, multiferroic heavy rare earth chromites,
solid solutions of Y(Lu)CrOs; with Y(Lu)MnOs3, cationic-substituted BiFeOs;, charge-
ordered rare earth ferrites, LnFe,O4 and rare earth manganites doped with alkaline earth

metals are outlined. Experimental aspects are described in section 3.

In section 4, results of the investigations are discussed. In 4.1, Single crystal
ErMnO; and polycrystalline LuMnO3; have been established to be multiferroic through
magnetic and ferroelectric properties studies, where support by Raman Spectra has also
been reported. In 4.2, orbiton—phonon mixed nature of the high frequency Raman mode
has been suggested. One of the first-order phonon modes shows anomalous softening
below Ty (~ 46 K), suggesting a strong spin—phonon coupling. Magnetic and dielectric
properties of heavy rare earth chromites and Y (Lu)Cr;.xMnxO3 are reported in 4.3, where
Néel temperature and ferroelectric transition temperatures are found to be influenced by
ionic radii of rare-earth ions. In 4.4, we have investigated separately the impact of the
substitution of manganese in the B-site and that of lanthanum in the A-site of BiFeO3 on
its multiferroic properties. In 4.5, we describe the results of charge-ordered rare earth
ferrites which show appreciable magnetoelectric effect. Magnetic, dielectric and
magneto-dielectric properties of Ln;xAxMnO3 and its many binary systems (Ln = rare

earth, A = alkaline earth) are discussed in 4.6.
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1. MULTIFERROICS: AN OVERVIEW

1.1 Introduction

The term ‘ferroic’ has been coined from an analogy between domain-related
hysteretic response of the magnetization to magnetic field in iron, and a similar hysteretic
response in dielectric and elastic crystals. This term has been suggested by Aizu to
describe all types of mimetically twinned crystals in which one or more twin components
may be switched to other equivalent states by the application of suitable external driving
forces. These forces are magnetic field, electric field and mechanical stress for the
domains which differ with respect to a given coordinate system in orientation of
spontaneous magnetization Mg, spontaneous polarization P and spontaneous deformation
gs respectively [1,2]. In a thermodynamic classification of ferroics, ferroelectrics,
ferromagnetics and ferroelastics are considered as primary ferroics, whereas six kinds of
secondary ferroics have been defined, namely ferrobielectrics, ferrobimagnetics,
ferrobielastics, ferroelastoelectrics, ferromagnetoelastics and ferromagnetoelectrics, the
domain states of which differ in electric susceptibility, magnetic susceptibility, elastic
compliance, piezoelectric co-efficients, piezomagnetic coefficients and magnetoelectric

coefficients respectively.



1.2 Ferromagnets

Around 600 B.C., magnetism was observed in loadstone or magnetite by its
inherent property of attracting iron [3]. However, the claim for the discovery of
magnetism dates back to 2500 B.C. when Chinese were using magnetic compass.
Socrates mentioned that magnetite was used to induce iron to get the attractive power
(magnetism). Thus permanent and induced magnetism were human's earliest scientific
discoveries. The science behind operation of magnetic compass enlightened only after the
realization of the fact that the earth itself is 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 ferromagnetic. If they align in antiparallel, then the material
becomes antiferromagnetic. The term “weak ferromagnetism” is used to describe
antiferromagnets with a small canting of the spins away from antiparallel alignment. In
case of unequal magnetic moment of the spins in antiparallel alignment, it will lead to
ferrimagnetic behavior. However, among the different magnetic behaviors, materials

having ferromagnetism are widely used in application.



A ferromagnetic material undergoes a phase transition from a high temperature
phase that does not have a macroscopic magnetic moment to a low-temperature phase
that has a spontaneous magnetization even in the absence of an applied magnetic field.
This can be explained on the basis of the parallel alignment of the magnetic dipoles
which are randomly distributed at high-temperature paramagnetic regime. In fact, the
dipoles constitute domains each of which has a net magnetization and separated by
domain walls. The subsequent alignment and reorientation of the domains upon the
application of magnetic field, H, results in a hysteresis loop. The ferromagnetic material
starts in an unmagnetised state and as we keep on increasing the magnetic field, the
magnetization increases non-linearly upto a saturated value of magnetization M. When
the field is gradually reduced to zero, the M ~ H curve traces a different path to a non-
zero value of magnetization called residual or remnant magnetization. This property is
termed as retentivity. In order to reduce the magnetization to zero, we need to apply a

reverse field which is called as coercive field, He.

Depending upon the characteristics of the hysteresis loop a ferromagnetic material
is classified under the category of soft or hard ferromagnet which have respectively small
and large values of coercive field. Soft magnetic materials are used in applications
requiring frequent reversals of the directions of magnetization such as cores of
transformer motors, inductors and generators. Hard magnetic materials, on the other

hand, are used to produce permanent magnets.



1.2.1 Theories of ferromagnetism:

Many of the properties of ferromagnets have successfully been explained by two
phenomenological theories: the Curie-Weiss localized-moment theory and the Stoner
band theory of ferromagnetism [4].

The ferromagnetic nature of a material is characterized by its constituent electrons
which must be having a net angular momentum. This can arise from either the orbital
component of the angular momentum or the spin component contributed from unpaired
electrons.

The Weiss theory of ferromagnetism [4,5] is based on the concept of
ferromagnetic domains which are spontaneously magnetized due to the presence of an
internal molecular field called Weiss field or the exchange field Bg. The Weiss field
cannot be simply due to magnetic dipole-dipole interaction between the neighboring
dipoles as this would generate fields of the order of 10° G only whereas the actual field
strengths are observed to be quite high. For example, the Weiss field for iron is of the
order of 10" G. It was Heisenberg who first proposed in 1928 that the Weiss field was the
consequence of the quantum-mechanical exchange interaction between the atoms. This
interaction arises due to the Pauli’s exclusion principle according to which any change in
the relative orientation of the two spins would disturb the spatial distribution of charge,
thus producing interaction between the two atoms. Apparently, the strength of the
interaction between the adjacent atoms depends upon the extent of overlap of their wave
functions as well as the relative orientation of the electron spins but not on the spin

magnetic moments. Thus, this is an electrostatic and non-magnetic type of interaction.



Using Heitler-London theory of chemical bonding, it can be shown that the total

energy of a system of two atoms contains an exchange energy term given by

Ui =-21J: Si.5;

Where S; and Sj represent the spins of the two atoms and J. is the exchange
integral which is assumed to be the same for any pair of atoms. Its value depends upon
the overlap of the charge distributions of the two atoms i.e. on the interatomic distance. In
general, J. is positive for large interatomic distances and negative for smaller ones. The
above expression is known as the Heisenberg model of exchange energy. It also follows
that if J. is positive, the parallel alignment of spins exhibits lower-energy and hence is
more stable as compared to the antiparallel arrangement, thereby producing
magnetization. In a similar way, it can be concluded that the negative value of J. does not

favor magnetism.

Below the Curie temperature, Tc, the molecular field is so strong that it
magnetizes the substance even in the absence of an external applied field. At high enough
temperatures, the thermal energy kT and associated entropic effects overcome the
alignment energy of the molecular field resulting in random orientation of the magnetic
moments and paramagnetic behavior. The Weiss picture leads to the experimentally

observed Curie-Weiss law behavior for the susceptibility y of many magnetic materials

X= C/ (T-Tc)



However, the Weiss theory fails to hold good in one important aspect. It is unable
to interpret the measured values of the magnetic moment per atom in some ferromagnetic
materials, particularly in ferromagnetic transition metals, where two significant
discrepancies were observed. First, according to the Weiss theory, the magnetic dipole
moment on each atom or ion should be the same in both the ferromagnetic and
paramagnetic phases which is not the case as revealed through experiments. Second, the
magnetic dipole moment on each atom or ion should correspond to an integer number of
electrons which is again not the observed result. The treatment with metals could be

successfully approached by Stoner band theory of ferromagnetism.

Zn
Cu
Ni
— 3d band
= = == 45 band
- L
D(E) D(E)
(up spin) (down spin)

Fig. 1.1: 3d and 4s up- and down-spin densities of states in first-row transition metals, with exchange

interaction included.



In the Stoner theory [6], the fundamental driving force for ferromagnetism is
again the exchange energy, which is minimized if all of the electrons have the same spin.
It is useful to visualize the exchange interaction as shifting the energy of the 3d band for
electrons with one spin direction relative to the band for electrons with the opposite spin
direction. Fig. 1.1 shows the 4s and 3d densities of states within this picture. The
magnitude of the shift is independent of the wave vector, giving a rigid displacement of
the states in a band with one spin direction relative to the states with the opposite spin
direction. If the Fermi energy lies within the 3d band, then the displacement will lead to
more electrons of the lower-energy spin direction and, hence, a spontaneous magnetic
moment in the ground state. In Ni, for example, the exchange interaction displacement is
so strong that one 3d subband is filled with five electrons, and the other contains all 0.54
holes. Thus, the saturation magnetization of Ni is M = 0.54Nzg, where N is the total
number of Ni atoms in the sample. We now see why the magnetic moments of the
transition metals do not correspond to integer numbers of electrons! This model also
explains why the later transition metals, Cu and Zn, are not ferromagnetic. In Cu, the
Fermi level lies above the 3d bands. Because both of the 3d bands are filled and the 4s
band has no exchange splitting, the numbers of up- and down- spin electrons are equal. In

Zn, both the 3d and 4s bands are filled and so do not contribute a magnetic moment.

When electrons have their spins parallel to each other, exchange energy is
minimized [7]. In practice, however, there are many other contributions to the electronic
energy and the net result, particularly in insulators, is often an antiferromagnetic

arrangement. For example, the superexchange interaction in which the magnetic ordering



between cations is determined by chemical-bonding considerations with intervening
anions often leads to antiferromagnetism (or ferrimagnetism if the ions are different).
Superexchange is illustrated in Fig. 1.2, for example, of Mn®" ions in which an oxygen
atom lies between two filled manganese d orbitals and has some covalent bond formation

with both of them.

2+ 2+

n

e == R

Fig. 1.2: Schematic of the superexchange mechanism in MnO (Ref. 7).

Superexchange interactions can lead to parallel alignment of magnetic moments
for certain bonding configurations — for example, if an oxygen atom bonds with two
manganese d orbitals, one of which is empty and the other of which is filled — as

illustrated in Fig. 1.3.

Mn

N L G i =T

Fig. 1.3: Superexchange mechanism between one empty (marked in red) and one occupied Mn d
orbital (Ref. 7).
Therefore, many magnetic materials contain a combination of ferro- and
antiferromagnetically coupled ions. The details of the long-range magnetic ordering are

then determined by strain, since ferro- and antiferromagnetically coupled ions have



different bond lengths. Minimizing the strain energy usually results in a net
antiferromagnetism, for example in LaMnQOs3, planes of ferromagnetically coupled Mn
ions couple antiferromagnetically to each other [8].

Most of the ferromagnetic materials known are metallic and there are
considerable number of insulating ferromagnetic compounds. The ferromagnetism
observed 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 [8] and Kanamori [9]. These rules have the important
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 [10]. The
exchange interaction in magnetic insulators is predominantly 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 [9,11,12]. According to these 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

The “ferro” part in the name “ferroelectric” can be assumed to be a misnomer, as

it does not refer to the presence of iron in ferroelectric materials. Rather, it arises from the



many similarities in behavior between ferroelectrics, with their spontaneous electric
polarization, and ferromagnets, with their spontaneous magnetization. In fact, the earliest
observation of feroelectricity [13] describes the electric hysteresis in Rochelle salt,
KNa(C4H404).4H,0 as “ analogous to the magnetic hysteresis in the case of iron.”

A ferroelectric material is defined as one that undergoes a phase transition from a
high-temperature phase that behaves as an ordinary dielectric (so that an applied electric
field induces an electric polarization, which goes to zero when the field is removed) to a
low-temperature phase that has a spontaneous polarization whose direction can be
switched by an applied field. Many properties of ferroelectric materials are analogous to
those of ferromagnets, but with the electric polarization, P, corresponding to the
magnetization, M; the electric field, E, corresponding to the magnetic field, H; and the
electric displacement, D, corresponding to the magnetic flux density, B. For example,
ferroelectric materials also have domains and show a hysteretic response of both
polarization and electric displacement to an applied electric field. As a result, they also
find applications in data storage. The onset of spontaneous electric polarization coincides
with a divergence in the static dielectric permeability, €, because at T, an infinitesimally
small external electric field will cause a large polarization. They find application as
capacitors because their concentration of electric flux density results in high dielectric
permeabilities. They are also used in electromechanical transducers and actuators

(because the change in electric polarization is accompanied by a change in shape [14]).

Although studies of Rochelle salt were pivotal in establishing many of the basic

properties of ferroelectric materials, the complex structure and large number of ions per

10



unit cell made it difficult to elucidate a coherent theory of ferroelectricity from the results
of experiments on this material. The most widely studied and widely used ferroelectrics
today are perovskite-structure oxides, ABOs, which have the prototypical cubic structure
shown in Fig. 1.4. The cubic perovskite structure is characterized by a small cation, B, at
the center of an octahedron of oxygen anions, with large cations, A, at the unit cell
corners. Below the Curie temperature, there is a structural distortion to a lower-symmetry
phase accompanied by the off-center shift of the small cation. The spontaneous
polarization derives largely from the electric dipole moment created by this shift. The
comparatively simple perovskite structure and the small number of atoms per unit cell
have made detailed theoretical studies of perovskite ferroelectrics possible and resulted in

a good understanding of the fundamentals of ferroelectricity.

Oxygen anion
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Fig. 1.4: Perovskite Structure
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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) crystals which do not possess center of symmetry.
Crystals with center of symmetry include 11 point groups and are labeled as
centrosymmetric and they do not show polarity. The remaining 21 point groups do not
have center of symmetry (i.e. noncentrosymmetric). 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
rotoinversion 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
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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
pyroelectric, however not all pyroelectric materials are ferroelectric. Since all
pyroelectric materials are piezoelectric, this means ferroelectric materials are inherently

piezoelectric.

1.3.2 Theories of ferroelectricity

If the bonding in an ideal cubic perovskite were entirely ionic and the ionic radii
were of the correct size to ensure ideal packing, then the short range repulsions between
adjacent electron clouds makes the structure stable, the structure would remain
centrosymmetric and therefore, not ferroelectric. The existence or absence of
ferroelectricity is determined by a balance between these short-range repulsions that
favor the non-ferroelectric symmetric structure and additional bonding considerations
which act to stabilize the distortions necessary for the ferroelectric phase [15]. Even in
ferroelectric materials, the short-range repulsions dominate at high temperature, resulting
in the symmetric unpolarized state. As the temperature is decreased, the stabilizing forces
associated with the polarization of the ions as they are displaced becomes stronger than

the short-range repulsive ion-ion interactions and the polarized state becomes stable even
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in the absence of an applied field. The changes in the chemical bonding that stabilize
distorted structures have long been recognized in the field of coordination chemistry and
are classified as second-order Jahn-Teller effects [16,17] or sometimes pseudo-Jahn-
Teller effects [18] in the chemistry literature.

Cochran was the first to introduce and treat in detail the concept of soft phonons
as the mechanism for displacive ferroelectric transitions [19]. A soft mode means a mode
whose frequency decreases and vanishes (for a second order phase transition) at Tc. The
displacements, which can be thought of as the order parameter of the transition, increase
and ultimately saturate as the temperature is lowered well below Tc. The decrease and
ultimate vanishing of the frequency of the soft mode as the transition is approached is
caused by cancellation between competing forces (short-range and long-range Coulombic
forces).

Although continuum and soft mode theories have been very successful in the
analysis and interpretation of FE properties and in identifying the mechanism for the FE
transition in soft-mode systems, the atomic-level origin of ferroelectricity, particularly in
the ABOs perovskites, remained unclear [20]. Most perplexing was the vastly different
FE behavior for seemingly very similar compounds. Examples include the following:
Despite the fact that the Ta and Nb ions have comparable sizes and the same valence,
KTaOs; remains cubic paraelectric down to the lowest temperatures, whereas
isomorphous KNbO3 exhibits on cooling a sequence of three FE phase transitions, cubic
to tetragonal to orthorhombic to rhombohedral; SrTiOs; exhibits a subtle

antiferrodistortive transition driven by a soft-zone boundary phonon at 110 K, whereas
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BaTiOs; exhibits the aforementioned three FE transitions. Understanding these differences
is a challenge for first-principles electronic structure and total energy calculations.

Prior to approximately 1990, there was very little such work and the theoretical
techniques were not adapted to treat ferroelectric and electromechanically coupled
phenomena. In 1990, Boyer et al. [21] envisioned that first-principles theory could lead to
a deeper understanding of FE properties and could ultimately be used to design
ferroelectrics with desired properties. Among the significant theoretical advances made
since have been an understanding of the role of covalency and hybridization in driving
ferroelectricity in the perovskites and the ability to provide a good description of the
ground state and to calculate the transition temperature, polarization and piezoelectric and

elastic constants [22].
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Fig. 1.5: Potential Energy vs soft-mode distortion for PbTiO; and BaTiOs calculated using first principles
theory showing the influence of strain (expressed in terms of tetragonal c/a ratio) and unit cell volume.

Note the different energy scales for (a) and (b). [Ref. 20]
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One of the first successes of first-principles theory was an understanding of the
difference between BaTiOs and PbTiOs. Using the all-electron, full-potential, linearized
augmented plane-wave (LAPW) method within the local density approximation (LDA)
for the exchange and correlations between electrons, Cohen and Krakauer performed
lattice dynamics and electronic structure calculations for the two materials. The results
revealed several new insights into the physics. Fig. 1.5 shows the calculated potential as a
function of soft-mode distortion for the two crystals [20,23]. Several features should be
noted. The wells for PbTiO; are much deeper than for BaTiO;. In the absence of
tetragonal lattice strain (i.e. c/a = 1.0), the rhombohedral phase is the ground state for
both crystals. However, tetragonal strain stabilizes the tetragonal phase in the case of
PbTiO; but not in BaTiO;, where the rhombohedral phase remains more stable. Fig. 1.5
also shows the strong influence of decreasing volume (or increasing pressure) on the two
potentials. In both cases, pressure decreases the well depth, which is in agreement with
the experimentally observed decreases in transition temperatures and ultimate vanishing

of the FE state at sufficiently high pressure.

A second significant finding from these calculations is that the ferroelectric
instability is due to hybridization between the oxygen 2p and titanium 3d states. If this
hybridization is inhibited, the ferroelectric instability is suppressed and the cubic phase is
stable. Additionally, in BaTiO3, the Ba is ionic and spherical, whereas the Pb in PbTiO;
is highly nonspherical in the FE phase and its polarization helps stabilize the tetragonal

ground state.
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Density functional electronic structure calculations on several other perovskites
including KTaO;, KNbOs, [24,25] and PbZrO; have now established that the strong
transition metal-oxygen covalency is a general feature of the ABO; perovskites. The
absence of ferroelectricity in KTaO3, as contrasted in KNbO3, has been identified as due
to extreme sensitivity of the soft mode to this covalency and to the slight chemical
differences between Ta and Nb, particularly the higher d binding energy of Nb. The
calculated energies of the soft FE modes of KTaO; and KNbO; at their experimental
volumes are shown in Fig. 1.6. In the figure, the energy per formula unit is plotted as a
function of the relative displacement of the transition-metal ion with respect to the
oxygen octahedra. Consistent with these results, the LDA calculations yield a stable (real
frequency) FE mode for KTaOs; and an unstable (imaginary frequency) FE mode for
KNbO; as observed experimentally.

KTo0 3

KNbO3
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Fig. 1.6: Potential energy vs. soft-mode displacement for KTaO; and KNbO; calculated using first

principles theory.
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1.4 Multiferroics

The term multiferroics was coined by Schmid [2] to encompass materials which
exhibit two or more of the primary ferroic properties observed in the same phase.
Ferroelectricity, ferromagnetism, ferroelasticity and ferrotoroidicity form the four basic
primary ferroic order parameters and ferrotoroidicity is still being under debate. This
implies that they have a spontaneous magnetization that can be reoriented by an applied
magnetic field, a spontaneous polarization that can be reoriented by an applied electric
field and a spontaneous deformation that can be reoriented by an applied stress. It is,
however, customary to exclude ferroelasticity and consider only magnetic and
ferroelectric characteristics. Materials which exhibit both magnetic and electrical
orderings have invited much attention in the past few years not only because of their
fascinating aspects in fundamental science, but because of their technological potential in
possible device applications. For example, they have high dielectric permittivity and high
magnetic permeability and could therefore replace the inductor and capacitor in resonant
circuits with a single component, further miniaturizing portable cellular technologies.
Strong coupling between the polarization and magnetization would allow ferroelectric
data storage combined with a magnetic read and the ability to tune or switch the magnetic
properties with an electric field and vice versa could lead to as-yet-unanticipated

developments in conventional devices such as transducers.

As of now, not many multiferroic compounds are known. Most of them are
antiferromagnetic ferroelectrics and the preferred combination of ferromagnetism and

ferroelectricity is only achieved in the form of weak ferromagnetism or weak
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ferroelectricity accompanying the otherwise antiferroic order [4,26,27]. There are 20
point groups that allow a spontaneous electric polarization, P, and 31 that allow a
spontaneous magnetic polarization, M. Thirteen point groups (1, 2, 2, m, m’, 3, 3m’, 4,
4mm’, m'm2’, m'm?2’, 6, and 6mm’) are found in both sets, allowing both properties to
exist in the same phase. However, symmetry restrictions cannot explain the low number
of magnetic ferroelectrics because even in compounds permitting the coexistence it is
usually absent. Furthermore, the dearth of magnetic ferroelectrics may find a reason as
due to the less number of magnetic insulators because ferroelectrics are essentially
insulators and magnets are often metals. However, there are many ferrimagnets or weak
ferromagnets (showing canted antiferromagnetic ordering) which are insulators, but do
not develop ferroelectricity. Therefore, a lack of magnetic insulators cannot account for
the low number of magnetic ferroelectrics.

The common perovskite oxide ferroelectrics have a formal charge corresponding
to the d° electron configuration on the B cation. Clearly, if there are no d electrons
creating localized magnetic moments, then there can be no magnetic ordering of any
type, either ferro-, ferri-, or antiferromagnetic. It appears however that, in most cases, as
soon as the d shell on the small cation is partially occupied, the tendency for it to make a
distortion that removes the center of symmetry is eliminated. This could be the result of a
number of effects, including size, structural distortion. The Shannon ionic radii of some
common d° small cations found in ferroelectric perovskite oxides are: Ti*", 74.5 pm;
Nb>", 78 pm; and Zr*, 86 pm. Some representative d" cations that are found as the small
cations in nonferroelectric perovskite oxides include Mn®* (d*), Ti** (d"), and V** (d")

with radii of 78.5, 81, and 72 pm, respectively. Therefore, typical B-site cations with d
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electron occupation do not have considerably larger radii than typical d” B-site cations.
So, it can be concluded that the size of the B cation is not the deciding factor in the
existence or absence of ferroelectricity. In perovskite compounds, the transition metal ion
can trigger two types of Jahn—Teller distortion: (i) A first-order distortion which retains
the centre of symmetry by elongation of the oxygen octahedra observed in the case of
LaMnOs; and YTiO; having partially filled 3d orbitals in transition metal ions [28]. (ii)) A
second-order distortion which breaks the centrosymmetry by off-centre movement of the
transition-metal ion, the well-known examples being BaTiO3; and PZT and this requires
an empty 3d shell. Since only a partially filled 3d orbital can lead to magnetic ordering,
whereas the breaking of centrosymmetry is a necessary condition for the formation of a
spontaneous polarization, the conditions for ferroelectricity and (anti)ferromagnetism are
mutually exclusive. In spite of this incompatibility, multiferroism has been achieved in
various compounds where some mechanisms like structural anisotropy, paramagnetic

doping, lone-pair asymmetry etc. come into play.

The first ferromagnetic ferroelectric material to be discovered [29] was nickel
iodine boracite, Ni3;B;0;31 which is widely believed as the Rochelle salt for magnetic
ferroelectrics. Magnetoelectric switching has been known to occur in Ni3B;O31. This
was followed by the synthesis of many more multiferroic boracite compounds with the
general formula M3B;013X ( M = Cr, Mn, Fe, Co, Cu, Ni as the bivalent ion and X = Cl,
Br, I ) which are ferroelectric ferroelastic antiferromagnets, in some cases accompanied
by a weak ferromagnetic moment. Many of them possess a ferroelectric Curie

temperature above room temperature, whereas the magnetic ordering temperature never
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exceeds 100 K [30]. The search for multiferroic material started in the late nineteen fifties
in Russia, with the transition metal ion in a perovskite oxide configuration partly replaced
by paramagnetic ion. Using this approach, multiferroicity was acquired in solid solutions
like PbFe;;,Nb;»05 [31] and [PbFey3W1/303]1x[PbMgi2W1205]x [32]. Here, Mg and W
ions are diamagnetic and cause the ferroelectricity and the formally d° Fe’" ion is
responsible for the magnetic ordering. Similar other examples include Pb,(CoW)Og and
Pb,y(FeTa)Os [33] which are both ferroelectric and ferromagnetic. Multiferroics of
composition BaMF, with M = Mg, Mn, Fe, Co, Ni, Zn were introduced and discussed in
detail by Guggenheim and Scott [34,35]. These compounds are ferroelastic ferroelectric
with an extrapolated Curie temperature above the melting point showing

antiferromagnetic or weak ferromagnetic ordering at 25 — 70 K.

1.4.1 Symmetry

Any physical system can be characterized by its behavior under a reversal of
space and time. These so-called parity operations possess only two eigen values, -1 and
+1, which correspond to a change of sign or no change of sign, respectively, when the
parity operation is applied [36]. The primary ferroic properties (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. Thus, multiferroics are space- and time-asymmetric because of the
coexistence of two order parameters—one violating space reversal symmetry and one

violating time-reversal symmetry.
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Table 1.1 : Ferroics - symmetry
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1.4.2 Magnetoelectric effect

The magnetoelectric (ME) effect, in its most general definition, indicates the
coupling between electric and magnetic fields in matter [27]. Two independent events
mark the birth of the ME effect. (i) In 1888, Rontgen observed that when a moving
dielectric was placed in an electric field, it became magnetized, which was later followed
by discovery of the reverse effect—polarization of a moving dielectric in a magnetic
field. (i1) In 1894, the possibility of intrinsic ME behavior of (non-moving) crystals on
the basis of symmetry considerations was pointed by Curie [37]. The term
‘magnetoelectric’ was coined by Debye [38] a few years after the first (unsuccessful)
attempts to demonstrate the static ME effect experimentally. Although Curie’s early
recognition of symmetry has been considered a key issue in the search for ME behavior,
many decades passed until it was realized that the ME response is only allowed in time-
asymmetric media. Such violation of time-reversal symmetry can extrinsically occur
through application of an external magnetic field or movement as in the historic

experiment conducted by Rontgen [39], or intrinsically in the form of long-range

22



magnetic ordering. Dzyaloshinskii [40] was the first to show violation of time-reversal
symmetry explicitly for a particular system (antiferromagnetic Cr,O3), which was soon
followed by experimental confirmation of an electric-field-induced magnetization and a
magnetic field-induced polarization in Cr,Os3, both linear in the applied field. The
experiments on Cr,O; constituted a breakthrough in research on the ME effect.
Nevertheless, it became immediately clear that technical applications, e.g. in the form of
ME switches, were hampered by the small magnitude of the induced polarization or
magnetization. The subsequent search for alternative ME materials revealed ME
behaviour in Ti,03, GaFeOs, several boracite and phosphate compounds, solid solutions
like PbFe( sNby 503 and garnet films among others. Soon, about 80 compounds displaying
the ME effect had been identified. Wood and Austin had proposed 15 types of
applications of ME materials [41]. Devices for (i) modulation of amplitudes,
polarizations and phases of optical waves, (ii) ME data storage and switching, (iii) optical
diodes, (iv) spin-wave generation, (v) amplification and (vi) frequency conversion were
discussed. However, use of the ME effect as a tool in basic research was considered far
more promising than engineering applications at that time. Because of its time-
asymmetric nature, the ME effect was regarded as a complementary tool for neutron
diffraction in the determination of magnetic symmetries and phase transitions and for the

observation of antiferromagnetic domains and their manipulation [42].

The magnetoelectric effect in a single-phase crystal is traditionally explained

[43.,44] through Landau theory by writing the free energy F of the system in terms of an

applied magnetic field H whose i component is denoted H; and an applied electric field
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E whose i™ component is denoted E;. Note that this convention is unambiguous in free
space, but that E; within a material encodes the resultant field that a test particle would
experience. Let us consider a non-ferroic material, where both the temperature-dependent
electrical polarization Py(T) (uCcm™) and the magnetization Mi(T) (ug per formula unit,
where pg is the Bohr magneton) are zero in the absence of applied fields and there is no
hysteresis. It may be represented as an infinite, homogeneous and stress-free medium by

writing F under the Einstein summation convention in S.I. units as:

-F(E,H) =1 SOSijEiEj + 1 HOMiniHj + OLijEiHj + 1 BijkEiHij + 1 'YiijiEjEk + ... (1)

The first term on the right hand side describes the contribution resulting from the
electrical response to an electric field, where the permittivity of free space is denoted &,
and the relative permittivity €;(T) is a second-rank tensor that is typically independent of
E; in non-ferroic materials. The second term is the magnetic equivalent of the first term,
where pj; (T) is the relative permeability and po is the permeability of free space. The
third term describes linear magnetoelectric coupling via o (T); the third-rank tensors

Bijk (T) and i (T) represent higher-order (quadratic) magnetoelectric coefficients.

In the present scheme, all magnetoelectric coefficients incorporate the field
independent material response functions &;;(T) and p;j(T). The magnetoelectric effects can
then easily be established in the form Pi(H;) or M;(E;). The former is obtained by
differentiating F with respect to E; and then setting E; = 0. A complementary operation

involving H; establishes the latter. One obtains:

24



P, = Otinj + 1 Biijij + ... (2)

and M; = OLijEj + 1 YijkEjEk + ... 3)

In ferroic materials, the above analysis is less rigorous because €;(T) and p;(T)
display field hysteresis. Moreover, ferroics are better parameterized in terms of resultant
rather than applied fields [45]. This is because it is, then, possible to account for the
potentially significant depolarizing/demagnetizing factors in finite media, and also
because the coupling constants would then be functions of temperature alone, as in
standard Landau theory.

The magnetoelectric behavior of a material can be fully understood if its magnetic
point group symmetry is known. This is because the magnetoelectric coefficients o, Bijk
and vjjk possess the symmetry of the material. For example, oij can only be nonzero for
materials that do not have a centre of symmetry and are time-asymmetric. Conversely,
information regarding the magnetoelectric coefficients based on electrical [46] or optical
[47] experiments can aid the determination of magnetic point group symmetries.
Magnetoelectric coupling can be measured indirectly by simply recording changes in
either the magnetization near, say, a ferroelectric transition temperature or the dielectric
constant near a magnetic transition temperature. The resulting effects are described using
various terms such as ‘magnetocapacitance’ or ‘magnetodielectric response’. However,
true magnetocapacitance measurements do not provide mechanistic insight nor yield
coupling constants. Direct measurements are more challenging. They record either a

magnetic response to an applied electric field or an electrical response to an applied
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magnetic field. The former scenario typically requires electrically addressing the sample
in a magnetometer. In the latter scenario, the electrical response can be measured in terms
of either current or voltage. The time-integrated current per unit area directly represents
the magnetically induced change of polarization in equation (2), that is, o = OP/0H,

ignoring higher-order terms.

Nonlinear Coupling: Most materials have small values of either & or p;; or both, so the
linear magnetoelectric effect will also be small. However, no such restriction applies to
higher-order couplings, such as those described by [k and vijx. For example, in some
materials, terms such as B;HjHx can dominate the linear term o;H; in equation (2), as
first shown experimentally at low temperatures in the piezoelectric paramagnet
NiSO4.6H,0 [48]. In order to achieve large magnetoelectric effects at room temperature
through higher-order terms, we suggest investigating magnetic materials with reduced
dimensionality. Indeed, two-dimensional spin order associated with 3(T) can persist to a
temperature T,p that exceeds the temperature T;p at which three-dimensional spin order
associated with o(T) is destroyed. This scenario arises at low temperature in BaMnF,

[49].

Indirect Coupling: So far, our discussion of linear and higher-order magnetoelectric
coupling has ignored the effects of strain. Such effects could be significant or even
dominant. For example, the inclusion of piezomagnetism (magnetostriction) would
generate cross terms in equation (1) that are proportional to strain and vary linearly

(quadratically) with H;. Analogous expressions would arise from piezoelectricity or
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electrostriction. Furthermore, mixed terms involving products of strain, H; and E; have
been predicted [50]. In two-phase materials, magnetic and electrical properties are strain-
coupled by design in the quest for large magnetoelectric effects. Indirect coupling with
enhancements in strength of several orders of magnitude over single-phase systems have

been achieved [51].

In summary, magnetoelectric coupling, which describes the influence of a
magnetic (electric) field on the polarization (magnetization) of a material and vice versa,
is an independent phenomenon which may not necessarily arise in materials that are both

magnetically and electrically polarizable [Fig. 1.7, Ref. 43].

— Magnetically polarizable

== Ferromagnetic
Electrically polarizable

== [Ferroelectric

3 Multiferroic

7/, Magnetoelectric

Fig. 1.7: The relationship between multiferroic and magnetoelectric materials. Ferromagnets
(ferroelectrics) form a subset of magnetically (electrically) polarizable materials such as paramagnets and
antiferromagnets (paraelectrics and antiferroelectrics). The intersection (red hatching) represents materials
that are multiferroic. Magnetoelectric coupling (blue hatching) is an independent phenomenon that can, but
need not, arise in any of the materials that are both electrically and magnetically polarizable. In practice, it

is likely to arise in all such materials, either directly or via strain. [Ref. 43]

27



1.4.3 Types of multiferroics

Bismuth-based compounds: Lone pair effect

Properties of the Bismuth compounds are largely determined by the Bi 6s lone
pair. The so called lone pairs, two valence electrons of Bi3+, and also of Pb2+, which
could have participated in chemical bonds using (sp) hybridized states (usually sp” or
sp), but which in these systems do not participate in such bonds. The Bi ion with two
electrons on the 6s orbital moves away from the centrosymmetric position in its oxygen
surrounding [52]. From the phenomenological point of view, this gives high
polarizability of corresponding ions, which in classical theory of ferroelectricity is
believed to lead, or at least strongly enhance, the instability towards ferroelectricity.
From the microscopic point of view, we can simply say that the particular orientation of
these lone pairs, or dangling bonds, may create local dipoles, which finally can order in a
ferroelectricity or antiferroelectricity fashion. Because the ferroelectric and magnetic
orders in these materials are associated with different ions, the coupling between them is
weak. BiFeOs is an incommensurate antiferromagnet and a commensurate ferroelectric at
room temperature [53, 54]. The spins are not collinear and take a long wavelength-spiral
form and the magnetoelectric effect is, therefore, not linear and occurs in the presence of
a large magnetic field [55] or by appropriate chemical substitution [56] and in epitaxial
thin films [57].

BiMnOs is probably the only single-phase material which is truly multiferroic, but
the observed polarization is small (0.12 pC/cm” at 87 K) [58]. In Fig. 1.8, we show the
magnetic and ferroelectric properties of BiMnOs along with the magnetic field induced

changes in the dielectric constant [58, 59]. Ferromagnetism in BiMnOj is due to orbital
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ordering [60] and ferroelectric ordering is accompanied by a structural transition [58]. It
has been shown recently that BiMnOj is centrosymmetric at room temperature with the
centrosymmetric space group C2/c [61]. Theoretical calculations also seem to suggest a
centrosymmetric structure. It is possible that this material is locally non-centrosymmetric
and globally centrosymmetric. We shall discuss this aspect later in the framework of
ferroelectricity of YCrOs [62]. BiCrO; exhibits a ferroelectric transition at 440 K and
parasitic ferromagnetism below 114 K [63]. BioMn4/sNiy;306 is a polar oxide showing a
magnetic response of a concentrated spin-glass below 35 K [64]. Bi;MnNiOg shows both

the ferroelectric and ferromagnetic properties [65].
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Rare earth manganites, LnMnOQO; : Spiral magnetic ordering and

polyhedral tilting

Rare-earth manganites RMnQO; prepared under ordinary synthetic conditions
crystallize in the orthorhombic perovskite structure (0-RMnOs) for R=La-Dy with large
ionic radius (rion) and in the hexagonal structure (h-RMnOs) for R=Ho-Lu with smaller
lon. 0-RMnO; manganites show a rich variety of subtle interplay among charge, spin,
orbital, and lattice degrees of freedom, for example, colossal magnetoresistance and
charge ordering in hole-doped LaMnOs [66] and the recent discovery of multiferroicity in
TbMnO; and DyMnO; [67,68]. Because of the orbital ordering of Mn’" ions in
orthorhombic RMnOs3, the exchange between nearest neighbouring spins and the next-
nearest neighboring spins is ferromagnetic (FM) in the ab planes. Therefore, spins in
each ab plane of LaMnOj; order ferromagnetically. But, the coupling between the planes
is antiferromagnetic (AFM) [8]. The replacement of La by smaller ions such as Tb or Dy
increases structural distortion, inducing next nearest-neighbour AFM exchange in the ab
planes comparable to the nearest-neighbour FM exchange. This frustrates the FM
ordering of spins in the ab planes and below ~ 42 K, Tb(Dy)MnO; shows an
incommensurate magnetic ordering with a collinear sinusoidal modulation along the b
axis, which is paraelectric. However, as temperature is lowered and magnetization grows
in magnitude, a spiral state with rotating spins becomes energetically more favourable,
sets in at ~ 28 K, and induces ferroelectricity. Thus, the perovskite compounds RMnO; (R
= Eu, Gd, Tb and Dy) show a transition to an incommensurate lattice structure below
their Ne’el temperature, and subsequently undergo a transition to A- type
antiferromagnetic state for EuMnO; and GdMnOj; and an incommensurate-commensurate

(IC-C) phase transition for TbMnO; and DyMnO; at a lower temperature [69]

30



(Fig. 1.9 (a)). Although the ground state of GAMnO; with the largest ionic radius of R
(rr) is not ferroelectric in zero magnetic fields (H = 0), a ferroelectric phase with electric
polarization (P) along the a axis appears by applying H = 1 T along the b axis. Both
TbMnO; and DyMnO; show a ferroelectric order with P along the ¢ axis even at H = 0
below a lock-in transition temperature where nonzero wave vectors for magnetic and
lattice modulations become nearly constant [69]. The ferroelectric order arises at Tiock
only in the compounds where the wave number of lattice modulation is
fractional (0 < § < 1) at the commensurate (C) phase below T,k [68]. This result
confirms that the ferroelectricity in RMnO; can be discussed in the framework of
improper ferroelectrics [68,70], where P is generated by secondary atomic displacements
induced by anharmonic couplings to the primary lattice modulation with nonzero wave

vector (i.e., 0] # 0). These systems also exhibit a flop of the ferroelectric polarization

from P |lctoP ||a, when H is applied along the a or b axis.
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Fig. 1.9: (a) Magnetic phase diagram for RMnO; as a function of Mn-O-Mn bond angle ¢ . Open and
closed triangles denote the Ne'el and lock-in transition temperatures, respectively. (b) Temperature profiles

of electric polarization along the ¢ axis for crystals of RMnOs. [Ref. 68]
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Fig. 1.9 (b) shows the polarization along c-axis in ferroelectric TbMnO;3; and
DyMnOj; and the anomalies at Ty, or Ty (R) corresponding to the ordering of R-moment.
The perovskite RMnO; (R=Ho, Er, Tm, Yb, and Lu) are prepared under high pressure
[71]. Heat -capacity studies show that the temperature interval between the
antiferromagnetic transition and the first-order transition to the presumably E-type
structure narrows with the decreasing ionic radius of R and almost closes for R=Lu.
Ferroelectricity is observed in orthorhombic HoMnOs and YMnOs at the magnetic lock-
in transitions into an E-type structure [72,73]. In HoMnOs, the ferroelectric polarization
strongly depends on the external magnetic field, indicating the involvement of the rare
earth moment order in this compound. Gigantic magnetoelectric phenomena has been
observed in DyMnO; [68]. Fig. 1.10 (a) and (b) demonstrate gigantic magnetoelectric
phenomena observed in DyMnO; which indicate the flop of ferroelectric polarization
vector from the direction along the C to the a axis by the application of B. Fig. 1.10(c)
shows the isothermal magnetocapacitance {Aga(B)/ea(0)=[ea(B) - €a (0)] /€a(0)} curves at
several temperatures marking the shift of Bgo, towards higher B with increasing T and

greater magnetocapacitance.
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Fig. 1.10: (a), (b) Temperature dependence of electric polarization along the ¢ and a axes at several
magnetic fields for crystals of DyMnOs. (C) Isothermal magnetocapacitance effect at several temperatures

with electric field parallel to the a axis. Magnetic field was applied along the b axis [Ref. 68].
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The RMnO; (R = Ho, ...Lu,Y or Sc) compounds prepared by standard solid-state
reaction at ambient pressure crystallize in the hexagonal structure [74]. The hexagonal
structure adopted by YMnO; and the manganites of the small rare earths consists of non-
connected layers of MnOs trigonal bipyramids corner-linked by in-plane oxygen ions
(Op), with apical oxygen ions (Or) forming close-packed planes separated by a layer of
R*" ions [75]. It is markedly different from the cubic perovskite structure, which features
MnOQg octahedra corner-linked to form a three-dimensional (3D) network. Early work in
the 1960s established YMnOs to be ferroelectric [76,77], with space group P6;cm and
revealed an A-type antiferromagnetic ordering with non-collinear Mn spins oriented in a
triangular arrangement. Recent reports [78,79] of coupling between the magnetic and
ferroelectric ordering in YMnOs provide compelling motivation for understanding the
origin of its ferroelectric behavior. In the 1970s, the high-temperature crystal structure of
YMnO; was investigated [80] and a change in symmetry above the ferroelectric ordering
temperature was observed.

We find that the main difference between the paraelectric P6;/mmc and
ferroelectric P6;cm structures is that in the paraelectric phase, all ions are constrained to
planes, parallel to the ab plane, whereas below the ferroelectric transition temperature,
the mirror planes perpendicular to the hexagonal ¢ axis are lost [75]. There are two major
atomic displacements in the crystal structure from the centrosymmetric P6;/mmc to the
ferroelectric P6;cm. The first change is the buckling of R-planes and the tilting of MnOs
bipyramids, which results in a shorter ¢ axis. Furthermore, due to the tilting, Ot ions are
shifted in-plane towards the two longer Y—Op bonds. The second change is the vertical

shift of the Y ions away from the high-temperature mirror plane, while keeping the
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distance to Or constant. Both the bond lengths within the MnOs bipyramids and the
Y—Or bond lengths within the six-fold coordination remain unchanged. As a result, one
of the two ~ 2.8 A Y-Op bond lengths is reduced to ~ 2.3 A, the other is enlarged to 3.4
A, leading to a net electric polarization. Just like YMnOs, hexagonal HoMnOs; also
exhibits a dielectric anomaly at Ty (75 K) [81]. An electrically driven magnetic phase
transition has also been observed in HoMnO;. Hexagonal LuMnO; also shows a
dependence of the dielectric constant in the Ty region with a weak magnetoelectric
coupling [82].

Concerning the magnetism of hexagonal RMnQOs, there are several neutron-
scattering measurements [83—86] to investigate the magnetic ordering of Mn moments.
According to those studies, the ordering pattern of the Mn moments in hexagonal RMnO;
is the so-called 120° structure, where the Mn moments lie within a triangular-lattice
layer. The Ne’el temperature (Ty) ranges from 70 K to 130 K upon changing the rare
earth R and this is much lower than a Weiss temperature (0), typically |0] ~ 10Ty . This
substantial reduction of Ty compared with |0| is attributed to strong geometrical
frustration of the triangular lattice of the Mn ions [87]. This ratio is close to unity in the
perovskite phase, where there is no geometric frustration of the spin-spin interactions
[88]. Tn in the hexagonal phase is about twice that of the perovskite phase, and the
absolute value of the Weiss constant |0] is enhanced by an order of magnitude in the

hexagonal phase relative to its value in the perovskite phase.

The coupled electric and magnetic ordering in ferroelectromagnets is

accompanied by the formation of domains and domain walls [89]. The spatial maps of
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coupled antiferromagnetic and ferroelectric domains in YMnOs are obtained by imaging
with optical second harmonic generation. The coupling originates from an interaction
between magnetic and electric domain walls, which leads to a configuration that is

dominated by the ferroelectromagnetic product of the order parameters.

Fig. 1.11: Coexisting electric and magnetic domains of an YMnO3 sample at 6 K imaged with second
harmonic light at 2.46 e¢V. (a) Exposed with second harmonic light from y(P). Dark and bright areas
correspond to opposite FEL domains. (b) Exposed with FEM-second harmonic light from y (Pl). Bright
and dark regions are distinguished by an opposite sign of the product Pl so that states with (+P, +I ) and
(-P, -1), or (+P, -1 ) and (-P, +1 ) are indistinguishable. The resulting two domain configurations may
therefore be termed FEM (pseudo-) domains. (¢) Exposed with interfering second harmonic contributions
from y (P) and y, (Pl). Dark and bright areas correspond to opposite AFM domains. (d) Topology of FEL
(red) walls and AFM (green) walls in the sample with tsigns of the corresponding color indicating the
orientation of the FEL and AFM order parameters in selected domains. Solely red walls are absent because
any FEL wall is accompanied by an AFM wall coupled to it. This is why the sign of the FEM product Pl is

conserved upon crossing a FEL domain border, and FEL walls are invisible in (b). [Ref. 89]
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LnMn,Os : Frustrated magnetism

The current revolution in the field of multiferroics began with the discovery of the
high magnetic tenability of electric polarization and dielectric constant in the
orthorhombic rare-earth Manganites RMnQO; [69] and RMn,;0s [90]. Compounds with the
general formula RMn,0s (R=rare earth or Bi) crystallize in the orthorhombic structure
(space group Pbam), where Mn**Og octahedra share edges to form infinite chains along
the ¢ axis, and these chains are linked by pairs of Mn’'Os pyramids in the ab planes
[91-93]. Successive phase transitions of magnetic and dielectric ordering were found to
occur simultaneously in this system. The characteristic magnetic ordering of the system
exhibits an incommensurate—commensurate phase transition, and again transitions to an
incommensurate phase. Special attention is given to the magnetic structure in order to
discuss the mechanism for the introduction of ferroelectric polarization. They show
sequential magnetic transitions: incommensurate sinusoidal ordeings of magnetic Mn
spins at T; = 42- 45 K, commensurate antiferromagnetic ordering at T, = 38-41 K, re-
entrant transition into the incommensurate sinusoidal state at T3 = 20- 25 K and finally an
ordering of rare-earth spins below T4 = 10 K [94-99]. These manganites exhibit electric
polarization induced by a collinear spin order in a frustrated magnetic system.
Ferroelectricity occurs with the onset of commensurate magnetic ordering which is
characterized by a peak in the dielectric curve [90]. The commensurate and
incommensurate magnetic structures of the magnetoelectric system YMn,Os, as
determined from neutron diffraction, were found to be spin-density waves lacking a
global center of symmetry. The concept of magnetoelastic coupling to the lattice enables

us to predict the polarization based entirely on the observed magnetic structure and sign
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reversal of the spontaneous polarization at the commensurate-incommensurate transition
[100]. Magnetically induced changes in bond lengths between Mn ions with different
formal valence, adding up to a net ferroelectric moment is the most plausible explanation
for the microscopic mechanism of ferroelectricity in this system [101].

Complex magnetic structures and phase diagrams are observed in all multiferroics
showing strong interplay between magnetic and dielectric phenomena [101]. All these
materials are ‘frustrated’” magnets, in which competing interactions between spins
preclude simple magnetic orders. The disordered paramagnetic phase in frustrated
magnets extends to unusually low temperatures. For example, the Curie-Weiss
temperature, Ty, of YMn,Os, obtained by fitting its magnetic susceptibility y with the
high-temperature asymptotic y = [C/(T+T.y)], is ~250 K. The temperature Tcw reflects
the strength of interaction between spins, and in usual magnets it gives a good estimate of
the spin ordering temperature. The fact that the long-range magnetic order sets in at T; =
45 K, which is about five times smaller than T, is clear indication for the presence of
significant magnetic frustration in YMn,Os.

An external magnetic field induces and/or modifies ferroelectric states in a
magnetic material, DyMn,0Os indicating coupling between magnetic and dielectric
properties [102]. Measurements of the temperature dependence of hysteretic polarization
curves, pyroelectric current, specific heat, optical second harmonic generation and x-ray
superlattice peaks have revealed successive phase transitions between 43 and 4 K,
accompanying three ferroelectric phases. The zero-field lowest-temperature phase
(< 8 K) induced by the Dy-moment ordering is a reentrant paraelectric state, but is turned

into a ferroelectric state with increasing magnetic field. The phenomenon is closely
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related to the metamagnetic transitions of the Dy f moment, indicating that all the
ferroelectric phases of this material are strongly tied to the antiferromagnetic Mn spin
structure affected by the f-d exchange interaction. Similarly, HoMn,Os undergoes a
transition to a ferroelectric state around 35 K [103]. With further decreasing temperature
(T), HoMn,Os shows the second dielectric transition to the lowest-T phase, where
spontaneous polarization is almost zero. The application of H up to 14 T stabilizes the
ferroelectric phase in HoMn,Os. The electric polarization in TbMn,0Os shows a startling
magnetic-field induced reversal at low T, shown in fig. 1.12 [104]. At 3 K, the direction
of P is completely reversed with a rather low H, corresponding to a change in P of ~ 80
nC cm? at 2 T. This change in P for H below 2 T is considerably large and nonlinear,
suggesting that this behavior stems from H-induced phase transitions, possibly associated
with the H-induced change of Tb magnetism. However, the P change for high H is rather
linear with H, indicating that the linear magnetoelectric effect becomes active above 2 T.
A strikingly reversible and reproducible variation of the polarization by varying H
linearly from 0 to 2 T was observed without any noticeable decay in its magnitude, as
displayed in inset of Fig. 1.12 envisioning a ferroelectric memory device that can be

magnetically recorded.

Fig. 1.12: Change of total electric polarization

by applied magnetic fields at 3 K. Polarization
flipping at 3 K by linearly varying magnetic field

P({nCcm?)

from 0 to 2 T is shown in inset. These results

clearly display highly reproducible polarization

switching by magnetic fields. [Ref. 101,104]
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Relaxor ferroelectric and magnetoelectric spinel RCr,X; [R=Cd, Hg;
X=S, Se]

CdCr,S4 crystallizes in the normal cubic spinel structure (space group Fd3m,
lattice constant a = 1.024 nm), with Cr’* octahedrally surrounded by sulphur ions,
yielding a half-filled lower t,, triplet with spin S = 3/2. It behaves like a typical soft
ferromagnet exhibiting ferromagnetic hysteresis and a saturation magnetization of 6 ug
[105-107]. The observed enhancement of dielectric constant just below the ferromagnetic
ordering transition temperature Tc = 85 K 1is strongly correlated with ferromagnetic
ordering indicating strong magnetoelectric coupling effect [Fig. 1.13(a)]. A very broad
peak appears in the curves for &'(T) between 150 and 250 K, shifting to lower
temperatures and increasing in amplitude with decreasing frequency [105]. It exhibits the
characteristic behavior of a relaxor ferroelectric, the typical strong dispersion effects
often being ascribed to the freezing-in of ferroelectric clusters [108,109]. Broad peak
maxima are revealed, typical of relaxational behavior in the plots for £’(v) for a series of
temperatures. The peak frequency decreases when the temperature is lowered, indicating
the freezing-in of polar moments. Exchange striction, which mechanically induces the
strain, is associated with the ferromagnetic ordering around T¢ and local lattice distortion
takes place inducing the enhancement of dielectric constant. A ferroelectric ordering
occurs near Tp = 56 K, which is enhanced by externally applying electric field. The
ferroelectricity in CdCr,S4 results from an off-centre position of the Cr’’ ions [110]. A
strong reduction in magnetization is observed well below T¢c = 85 K with increasing
external dc electric field [Fig. 1.13(b)] [107]. A new and remarkable feature is that the

external electric field induces a dip in the M(T) curve at a temperature corresponding to
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ferroelectric ordering which gradually grows deeper and clearer as the electric field
increases. Below this temperature, a detectable suppression of magnetization by electric
field occurs. These two phenomena can be thought to be due to the strong correlation

among magnetic spin, electric dipole, and the lattice in CdCr,Sa.
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Fig. 1.13 (a) Right scale: dielectric constant versus temperature measured at a frequency of 9.5 Hz. Left
scale: thermo-remanent polarization versus temperature measured after cooling in an electric field of 50
kVm™ [Ref. 105]. (b) Temperature-dependent magnetization is measured at 500 Oe. A dip near Tp
becomes gradually clearer with increasing external dc electric field. The inset shows the isothermal M ~ H
at 80 and 50 K at electric fields of 0 and 100 V/cm. Suppression of M ~ H by electric field is seen at T = 50
K (below Tp), but not observed at T=80 K (below T¢) [Ref. 107].

The magnetocapacitive coupling in CdCr,Sy is indeed extremely strong and can
be termed colossal [107]. For example, the magnetocapacitive ratio at magnetic field 5 T
comes out to be 500 % for a frequency of 20 Hz. However, the ferroelectric ordering near
Tp under magnetic field shows a much higher ratio than that of the corresponding
ferromagnetic state. This colossal magnetocapacitive behavior might be due to the fact
that under magnetic field, spins are more ordered and the exchange striction is further
enhanced. Raman scattering experiments on CdCr,Sy4 single crystals show pronounced
anomalies in intensity and frequency of optical phonon modes with an onset temperature

T =130 K that coincides with the regime of giant magnetocapacitive effects [111]. A loss

40



of inversion symmetry and Cr off-centering are deduced from the observation of
longitudinal optical and formerly infrared active modes for T < Tc = 84 K. For CdCr,Ses,
the magnetic transition is shifted to higher temperatures [112]. The magnetic order sets in
at Tc = 125 K. At this temperature, an increase of ¢'(T) towards lower temperatures is
detected too. Thus, similar to CdCr,S,, the closely related CdCr,Se,4 also exhibits a strong
magnetodielectric coupling. The typical relaxor peaks in the real part of the permittivity
at T > Tc are shifted to higher temperatures and only can be detected for the lowest
frequencies within the examined temperature regime below 300 K. Similarly, the
dielectric constant of HgCr,S4 becomes strongly enhanced in the region below 60—80 K,
triggered by the onset of ferromagnetic correlations. In addition, the observation of
polarization hysteresis curves indicates the development of ferroelectric order below

about 70 K [113].

Frustrated multiferroic MNnWOQO, system

MnWOy is one of the multiferroic materials in which the cycloidal spin structure
induces ferroelectricity. This material is crystallized in a wolframite structure, which
belongs to the monoclinic space group P2/c with f ~ 91° at room temperature. The
crystal structure is characterized by alternative stacking of manganese and tungsten layers
along the a axis. Edge-sharing MnOg and WO octahedra are aligned in zigzag chains
along the ¢ axis. MnWOy is known as a frustrated magnet with only one kind of magnetic
ion, Mn®" (S=5/2). The ratio of the Weiss temperature (0) to the Néel temperature (Ty) is
reported to be ~ 6 indicating that the magnetic interactions are moderately frustrated in
this system [114]. With decreasing temperature, MnWQO, undergoes successive magnetic

phase transitions to three long-wavelength antiferromagnetic (AF) ordering states, AF3
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(T, <T <Tx), AF2 (T, <T <T,) and AF1 (T <T), Ty, T, and Tx being 7.6 K, 12.3 K and
13.5 K respectively. According to neutron diffraction results at 0 T [115], AF1, AF2, and
AF3 are a commensurate collinear-antiferromagnetic phase, an incommensurate
cycloidal-spiral-spin phase, and an incommensurate collinear-antiferromagnetic phase,
respectively. In AF1 and AF3, Mn*" magnetic moments collinearly align in the ac plane,
forming an angle of about 35° with the a axis, whereas in AF2 an additional component
along the b axis exists. Among the three magnetic phases (AF1-AF3), only the AF2
phase with the spiral spin structure shows ferroelectricity [114,116-118]. According to
the microscopic model proposed by Katsura et al. [119], the spin moments on two
neighboring sites, Si and Sj, should induce a local dipole moment p given by p = Aej; x(S;
x §;), where e;; is the unit vector connecting the two sites and A is a constant. This
formula, which can also be regarded as the inverse Dzyaloshinskii-Moriya interaction
[120], predicts the macroscopic uniform P in a magnetic structure with cycloidal-spiral-
spin components, and explains the relationship between magnetic structure and P
observed in the AF2 phase. In addition, the correlation between the vector spin chirality
(C = Sj x Sj) of the spiral-spin structure and P direction has recently been confirmed by
spin-polarized neutron diffraction measurement.

The magnetic-field dependence of electric polarization indicates that the
noncollinear spin configuration plays a key role for the appearance of the ferroelectric
phase [114,121]. A small anomaly of M, is observed around 10.7 T, which emerges as a
peak of the derivative dMy/dH,. At this H, FE P rotates from along b axis to a axis
suggesting that the P flop is caused by an H-induced magnetic phase transition [121].

Since MnWO, contains no rare-earth element, the present results indicate that the H-
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induced P flop can take place without help from 4f moments unlike in perovskite
RMnOs.

Memory effect has been studied through the temperature dependence of P along
the b axis (Py) at 0 T [122]. First, a single crystal sample was cooled from above Ty and
P, was measured by applying a poling electric field along the b axis (open circles), E =
+500 kV/m [Fig. 1.14(a)]. Below 7.6 K, where the PE AF1 phase appears, the poling
field was removed. Then the P, was measured by warming the sample (filled circles). As
shown in the figure, the Py, value in the warming process without a poling E (II) is the
same as that obtained in the cooling process with a poling E (I). These results indicate
that the domain states of the FE AF2 phase are memorized even in the PE AF1 phase
without vector spin chirality, and this ‘‘memory effect’ makes it possible to reproduce

the FE single-domain states without a poling E in the phase transition from the PE (AF1)

to the FE (AF2) phase.
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Fig. 1.14 Magnetoelectric memory effect: (a) Temperature dependence of electric polarization along the
b axis (Py). (b) Magnetic-field dependence of electric polarization along the b axis (Py) at 4.3 K. [Ref. 122]
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It has been found that an H can also reproduce the FE single-domain state through
the memory effect of the AF1 phase [122]. Fig. 1.14(b) shows the H dependence of P,.
Before each measurement, the sample was cooled from above Ty in an electric field E
(-500, 0, or 500 kV/m) at 0 T (I). At 4.3 K (PE AF1), the poling field E was removed, and
then P, was measured while increasing H in the a direction up to 6 T (II). As displayed in
Fig. 1.14(b), the H-induced FE phase transition occurs around 3 T. The noticeable point
is that the sign of the H-induced FE P depends on the direction of the poling E at 0 T. In
addition, the H-induced P value is as large as that of the FE single-domain state, which is
shown by an orange (light grey) line in Fig. 1.14(b). These results mean ‘“ME memory
effect,” which means we can magnetically read out the electrically written information of

the FE single-domain state from the PE state.

Magnetic ferroelectricity due to charge-ordering

It has been pointed out recently by Khomskii and coworkers [123] and later, by
Ederer et al. [124] that coupling between magnetic and charge-ordering in charge-ordered
and orbital-ordered perovskites like Ln;xAxMnO; and in charge-ordered rare-earth
ferrites, LnFe,O4 [125,126], can give rise to magneto-ferroelectricity. The essential
mechanism by which charge ordering can lead to the appearance of ferroelectricity is
easily explained with the help of the schematic picture shown in figures 1.15 and 1.16. In
Fig. 1.15(a), a homogeneous crystal (a one-dimensional chain in this case) with equal
(say zero) charge on each site is shown. Fig. 1.15(b) shows the same chain after a charge
ordering at which the sites become inequivalent: one set of sites has charge +e and the

other —e, as in NaCl. This process does not break spatial inversion symmetry so that the
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resulting state cannot have a net dipole moment. This is made explicit in figure 1.15(b)

by marking mirror planes of the charge ordered structure [127].
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Fig. 1.15: (a) Example of a neutral one-dimensional chain exhibiting (b) site-centered charge ordering, (c)
bond-centered charge ordering, and (d) a linear combination of these two that is ferroelectric. The arrows
indicate the polarization, which is in total zero in (b) and (C), but develops a macroscopic moment,
indicated by the red arrow in (d). The red dashed lines in (a), (b) and (c) indicate mirror planes of the

system (ref. [127]).
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Fig. 1.16: (a) Mn- or site-centred ordering,in which formally 3+ and 4+ Mn ions (green) orbitally order in a
checkerboard pattern. The additional charge (green circles) is localized on the Mn sites. (b) The bond-
ordering model in which the Mn sites have equal charge and the variation in charge is localized on the Mn-
Mn bonds (pink ellipses). (c) The intermediate state proposed by Efremov and colleagues (ref. [123])

combines both Mn-centred and bond-centred ordering, and leads to ferroelectric polarization. (ref. [124])
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Another type of charge ordering occurs when a system dimerizes, where the
charge is localized not on sites but on bonds, see figures 1.15 (¢) and 1.16 (b). The
existence of such dimers has also been suggested by Aladine et al. [128] coining the
name “Zener Polaron” to the pair of Mn-ions associated with delocalization. One can use
the terminology of a site-centered charge ordering (SCO) or site-centered charge density
wave (S-CDW) in the case of figure 1.15 (b) and 1.1.16 (a) and a bond-centered CO
(BCO) or bond-centered charge density wave (B-CDW) in the case of figure 1.15 (¢) and
1.16 (b). Also the B-CDW structure is centrosymmetric and thus cannot be ferroelectric
[127].

If one now combines both types of charge ordering in one system, the situation
changes drastically. The situation with simultaneous site- and bond-centered CO is
schematically shown in figures 1.15 (d) and 1.16 (c). In this region, the character of the
CO actually changes in a regular way, it evolves from a pure site-centered ground state
with magnetic CE-type order at x = 0.5 to an admixture of bond-centered state increasing
with decreasing x, and finally to a pure bond-centered one around x = 0.4. From the
figures, it is immediately clear that the charge-ordering pattern of this state lacks
inversion symmetry. Each molecule [short bond in Fig. 1.15 (d)] develops a net dipole
moment so that as a result, the whole system becomes ferroelectric. Thus solids can
become ferroelectric if on top of site-centered charge ordering also a bond dimerization
occurs [123]. These different charge ordered states are, in general, very close in energy.
This observation is confirmed independently by density functional calculations [129,

130].
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It is important to note some of the important characteristics of the charge-ordered
manganites in order to fully understand their ferroic properties. The most important
feature is that all these manganites exhibit electronic phase separation at low
temperatures (T < Tco) [131]. They exhibit a decrease in resistivity on application of
large magnetic fields (> 4 T) [131, 132]. Application of electric fields also causes a
significant decrease in the resistivity of the manganites [132, 133]. On the application of
electric fields, the manganites show magnetic response [134]. Such electric field-induced
magnetization may also be taken as evidence for coupling between the electric and
magnetic order parameters in the manganites. It is likely that grain boundaries between
the different electronic phases have a role in determining the dielectric behavior. The
importance of grain boundaries in giving rise to high dielectric constants has indeed been
recognized [135, 136].

Even though the field has been in existence since 1960 or earlier, a huge leap in
multiferroic research occurred only after 2000. Recently, many compounds with spiral
spin structure like Ni3V,0g [137], CuFeO, [138] have been found to be multiferroic with
strong magnetoelectric coupling. There has been a common practice of realizing the
enhanced multiferroic properties through approaches like forming the solid solutions and

composites of parent ferroelectric and magnetic materials [139-141].

Recent research on multiferroic systems gives an optimistic scenario wherein
alternative mechanisms bring about magnetic ferroelectricity in a variety of materials.
Some of the important mechanisms that have emerged relate to tilting of metal-oxygen

polyhedra, spiral magnetic ordering and stereochemical activity of the Bi lone pair. In
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many of the multiferroic oxides, magnetic frustration appears to give rise to novel
magnetic properties which then induce ferroelectricity. The role of local non-
centrosymmetry and charge ordering of mixed valent ions are two new ideas that have
come to the fore. It appears that many ferroelectric materials formally possessing
centrosymmetric structure may indeed have local non-centrosymmetry. In principle, non-
centrosymmetry can also be achieved by making use of strain, defects and other factors.
Multiferroics also offer theoretical challenges besides attractive experimental
possibilities. In particular, there is considerable scope for investigations of the large
family of charge-ordered manganites and related materials. It is likely that a large number
of materials in this family are not only multiferroic but also magnetoelectric, considering
the known effects of electric and magnetic fields on these materials. There is every
possibility that magnetoelectric effects in the manganites can be exploited technologically
in memory devices, recording and other applications. The recent work of Gajek et al.
[142] on thin films of Lag;Bip9MnOs promises their use in memory devices. For
experimental materials scientists, the challenge of discovering materials exhibiting both
magnetism and ferroelectricity with coupling between them makes the subject exciting.
Some of the important aspects are related to united theoretical development, study of
spectroscopic properties and discovery of monophasic multiferroic materials showing

magnetoelectric coupling.
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2. SCOPE OF THE PRESENT INVESTIGATIONS

In the present world, magnetic and electronic materials permeate every aspect of
modern life [1]. For example, the vast amount of data generated by consumer electronic
products is often stored as regions of opposite magnetic polarization in ferromagnets,
while the sensors industry relies on ferroelectrics. Ferromagnetic-ferroelectric
multiferroics are particularly appealing not only because they have the properties of both
parent compounds, but also because interactions between the magnetic and electric
polarizations lead to additional functionalities [1]. There is great interest in the study of
multiferroics in recent years, and a few novel materials with multiferroic properties have
indeed been discovered. Multiferroics which exhibit coupling between the magnetic and
electrical order parameters are of vital interest both academically and technologically
[2-5]. Multiferroics provide a rich source for exploring the fundamental science of phase
control and magnetoelectric interactions. Magnetoelectric effects have been observed in
the form of ferroelectric phase transitions induced by magnetic fields in perovskite
manganites [6] and ferromagnetism induced by electric fields in hexagonal manganites
[7]. Magnetoelectric memory effects and magnetic switching of ferroelectric domains

(and the converse process) have been demonstrated.
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2.1 Studies of multiferroic nature of the manganites of YMnO;
family

2.1.1 Single crystal studies of ErMnO;

Multiferroic compounds of heavy rare-earth hexagonal manganites, RMnOs (R =
Sc, Y, Ho-Lu), also called the YMnO; family, represent an exciting family of ferroic
materials. The simultaneous presence of electric and magnetic ordering [8,9], the unusual
strong magnetic two-dimensional (2D) short-range order [10] the existence of
ferroelectromagnetic domains [11] and the coupling of electric and magnetic order
parameters [12] attracted interest of experimentalists, engineers and theoreticians.
Possible applications as random access memory devices are proposed according to the
ferromagnetic and ferroelectric behaviors of epitaxial thin films [13,14]. Though
systematic studies on this class of manganites started in the 1960s [10,15] and the
publications are numerous, (e.g., Refs. 16-19), the magnetic structure remained

controversial until optical measurements were carried out [20].

In the 1970s, the high-temperature crystal structure of YMnO; was investigated
[21] and a change in symmetry above the ferroelectric ordering temperature was
observed. However, Raman and infra-red spectroscopy of the high-temperature
paraelectric and low-temperature ferroelectric phases showed only weak bands in the
ferroelectric phase due to the non-centrosymmetricity, indicating that the structural
differences between the ferroelectric and paraelectric phases are very small [22].
Experimentally, the phase transition from ferroelectric to paraelectric state has been

confirmed by pyroelectric measurement [23]. The unit cell parameters show discontinuity
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of the values at this temperature corresponding to Trg. Dielectric anomaly is observed at
Trg in the temperature dependence of resistivity curves in the single crystal studies on
this family of compounds [16].

Magnetic susceptibility, specific heat and dielectric constant measurements on
hexagonal manganites reveal the onset of magnetic ordering of the frustrated Mn’" spins
(S = 2) on a triangular Mn lattice (YMnO;: Ty = 71 K; LuMnOs: Ty = 90 K and
ScMnOs: Ty = 130 K).The transition is characterized by a sharp kink in the magnetic
susceptibility at Ty below which it continues to increase due to the frustration on the
triangular lattice. The specific heat shows one clear continuous phase transition at Ty,
which is independent of external magnetic field up to 9 T with an entropy content as
expected for Mn®" ions. The temperature-dependent dielectric constant displays a distinct
anomaly at Ty [17]. ScMnO; undergoes a second magnetic transition below 75 K,
corresponding to a spin reorientation [19]. The bulk measurements as well as elastic and
inelastic neutron scattering experiments of YMnO; show clearly that above Ty, there is
very diffusive magnetic scattering in both space and time, indicating short range dynamic
correlations which are a signature of a spin liquid phase. This spin liquid phase forms out
of geometrically frustrated Mn moments. Even when they become ordered below Tx,
surprisingly enough, there are short range spatial correlations. The analysis of the spin
wave spectrum in the ordered phase shows that the spin waves can be well described in
terms of a Heisenberg Hamiltonian with a small easy plane anisotropy [24]. The optical
second harmonic intensity for light incident along the optical axis (k || z) of HoMnO;
single crystal shows that beyond Néel temperature, the SH signal vanishes, which

confirms its purely magnetic origin [20]. In the temperature range between Ty = 72 K and
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the spin reorientation temperature Tr = 41 K, the SH signal exhibits a sixfold symmetry
with maximum intensity for P(2w) || E(w) || x and zero intensity for P(2w) || E(®) || y.
The corresponding magnetic symmetry is thus P6;cm with magnetic SHG susceptibility
tensor components ¥y # 0 and x(c)yyy = 0. Below Tr, % “xx = 0 and x(c)yyy # 0 with
corresponding magnetic space group P6scm. The change of magnetic structure goes along
with a 90° spin rotation and a change of the antiferromagnetic domain structure. For Ho,
Er, Tm, and Yb, there are additional contributions to the magnetic properties from the

rare-earth ions with the possibility of 4f spin ordering below ~ 6 K [25].

Temperature dependence of magnetisation data on ErMnQO; indicates a weak
antiferromagnetic transition at 80 K which is more noticeable in the T curve [26]. The
same feature is reflected in the thermal expansion measurements with the appearance of a
shoulder-like structure which is not very sensitive to magnetic field. Raman
measurements on ErMnQO; as a function of temperature shows that the E, phonon
frequencies (234, 297 cm™) which involve motions of O3 and O, oxygen atoms within the
xy plane exhibit anomalies at 80 K [27]. This can be interpreted by extra hardening
deviations below 80 K that could not be modeled by anharmonicity alone, suggesting a
spin—phonon coupling below Tk.

In the present work, we have investigated the multiferroic properties of ErMnO;
through magnetic, specific heat and dielectric measurements. Furthermore, we have
studied the anisotropic dependence of its dielectric constant on magnetic field through the

magnetocapacitance measurements on single crystal.
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2.1.2 A Raman study on multiferroic LUMNO;

LuMnO; belongs to the YMnO; family and exhibits structure and physical
properties similar to ErMnO3;. LuMnO3; shows magnetic ordering of triangular lattice at
90 K manifested by the sharp kinks in the magnetic susceptibility and specific heat at Ty
[17]. It has a much higher paramagnetic Curie-Weiss temperature Ocw of value 519 K
which is discernibly smaller than that reported for single crystal [16,17]. This large ratio
of O.w / Tn 1s a measure of the geometrical frustration of the antiferromagnetic system
[28]. Anomaly has been observed at 86 K in the dielectric constant curve for LuMnO;
measured parallel to ab plane [16] similar to YMnO; [9] confirming the coupling
between magnetic and ferroelectric orderings. Magnetic phase can be controlled by an
external electric field as ferromagnetic ordering in hexagonal HoMnOj; is reversibly
switched on and off by the applied field via magnetoelectric interactions which is

monitored using magnetooptical techniques [7].

The thermal conductivity of the magnetically frustrated, ferroelectric LuMnOs
exhibits an isotropic suppression in the paramagnetic state, followed by a sudden increase
upon magnetic ordering [29]. This unprecedented behavior without an associated static
structural distortion probably originates from the strong dynamic coupling between
acoustic phonons and low-energy spin fluctuations in geometrically frustrated magnets.
Inelastic neutron scattering measurements performed on YMnO; provides evidence for a
strong coupling between magnons and phonons, evidenced by the opening of a gap below
Tx in the dispersion of the transverse acoustic phonon mode polarized along the

ferroelectric axis [30]. High-resolution neutron diffraction data taken on LuMnO3; show
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that all the atoms belonging to the same unit cell exhibit significantly large atomic
displacements at Ty: as large as approximately 0.05 A, which is almost comparable to
those reported for archetypal ferroelectric materials [31]. This phenomenon of magneto-
elastic coupling can be stressed with the fact that for the hexagonal manganites there are
no orbital degrees of freedom, which could otherwise induce similarly large atomic
displacements for compounds having Mn’" ions, through the familiar Jahn—Teller
mechanism. Also, these manganites undergo this isostructural transition well below their
ferroelectric transition points. The evidence of magneto-elastic coupling has further been
supported by high-resolution neutron diffraction studies on other family members [32]
and thermal expansion measurement on HoMnOs [33]. An assignment of the Raman and
infra-red phonon lines to definite atomic vibrations has been made on the basis of their
symmetries in close comparison with results of lattice dynamical calculations for YMnO;
in its ferroelectric (P6scm, Z=6) and high-temperature paraelectric (P63/mmc, Z=2)
phases [22]. The phonon spectra observed for YMnOs through Raman scattering show
anomalous temperature variation at the Néel temperature, suggesting a coupling between
the spin and phonon systems below Ty. Furthermore, a sudden change of the spectra at
the Curie temperature Tc > 900 K suggests an abrupt structural phase change from the
ferroelectric to the paraelectric phase [34]. Coherent acoustic phonons in the hexagonal
manganite LuMnO; have been observed using two-color femtosecond optical pump-
probe spectroscopy [35]. A pronounced phase change occurs in the vicinity of the Ne’el
temperature (Tx), which is related to the temperature dependent red-shift of the on-site
Mn d—d optical transition at 1.7 eV that is coupled to the AFM ordering as recently

observed in optical conductivity measurements [36].
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In the present study, we have confirmed the multiferroic nature of LuMnOs
through magnetic and dielectric measurements. Raman spectra of LuMnO; have been
recorded in the 77-800 K range covering both the antiferromagnetic transition at 90 K

and the ferroelectric—paraelectric transition at 750 K.

2.2 Raman evidence for orbiton-mediated multi-phonon

scattering in multiferroic ToMnQO;

In 2003, ferroelectric activity was found in TbMnOs, for the first time in a rare-
earth manganite with orthorhombically distorted perovskite structure, which shows
antiferromagnetic orders with long wavelengths owing to competing magnetic
interactions [6,37]. At lower temperatures, the system shows successive magnetic phase
transitions: the Mn moments in TbMnO3; undergo an antiferromagnetic transition at Ty ~
41 K, the Mn moments are aligned along the b axis and show sinusoidal order with a
propagation wave vector (0, Ky, 1) with ky, decreasing from 0.295 below Ty (Fig. 2.1).
This is followed by incommensurate-commensurate magnetic transition Ty at 27 K with
magnetic modulation wave vector becoming locked at 0.28. These orderings are
characterized by the anomalies in magnetization and specific heat. Ferroelectric order
with spontaneous polarization along the c axis develops at Tc ~ 27 K. Upon further
decrease in temperature, the temperature dependence of the specific heat shows the third
anomaly at ~ 7 K, where the Tb®" moments show long-range ordering with a propagation

vector (0, ~ 0.42, 1) different from that of Mn moments. At approximately this
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temperature, the electric polarization also exhibits a small anomaly. These results suggest

an intimate connection between magnetism and ferroelectricity in TbMnOj.
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Fig. 2.1: Temperature profiles of (a) magnetization and specific heat divided by temperature C/T,
(b) dielectric constant & at 10 kHz and (c) electric polarization P along the principal axes in single crystals

of TbMnO;. [Ref. 6]

The collinear sinusoidally modulated magnetic structure model was formerly
proposed by Quezel et al. [38] for both the antiferromagnetic paraelectric phase (T¢ <T <

Tn). A recent neutron diffraction measurement [39] suggests that the magnetic structure
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below T¢ is a transversely modulated spiral spin structure which is responsible for the
origin for ferroelectricity along c- axis (Fig. 2.2). Accompanying the magnetic ordering,

there is a lattice modulation with & =28y, (second harmonic).

Collinear sinusoidal spin structure in paraelectric phase
(T,<T<T)

Noncollinear spiral spin structure in ferroelectric phase
(T<T,)
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Fig. 2.2: Schematic drawings of proposed magnetic structures at Mn sites in the (a) paraelectric
antiferromagnetic phase (T¢ < T < Ty) and (b) ferroelectric antiferromagnetic phase (T < T¢) of TbMnO;

[Ref. 37]

Although the magnitude of electric polarization P in TbMnO; is much smaller
than that in conventional perovskite ferroelectrics, the ferroelectricity of TbMnOj; can be

controlled by a magnetic field H [6,40]. Namely, the direction of the spontaneous
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polarization in ferroelectric TbMnOs can be switched by 90° by tuning the magnitude of
magnetic field (electric polarization flop). The flop of the ferroelectric polarization in
TbMnO; with applied magnetic field is caused from the flop of the Mn cycloidal
plane [41].

In recent years, the focus in multiferroics has been on the electromagnons i.e.
magnons with an electric dipole excited by an applied ac electric field, observed below
100 cm™' [42-46]. The effect of orbital ordering on the Raman spectra of perovskite
manganites, RMnOj; has been investigated both theoretically [47-50] and experimentally
[49, 51-54]. Three broad bands near 1000, 1170 and 1290 cm ™' in the Raman spectra of
LaMnOs; were attributed to orbiton excitations [49,55], an assignment still being debated
and alternative proposals made [47,48,50,56]. Although in centrosymmetric LaMnQOs,
Raman modes are not infrared active, infrared absorption [56] shows bands similar to
those in the Raman spectra, attributing these features to multiphonon scattering instead of
orbital excitations. Allen et al. [47] have proposed that, as a result of strong electron—
phonon coupling, orbitons in LaMnOs are self-trapped by the local rearrangement of the
lattice and hence multiphonon Raman scattering with intensities comparable to those of
the one-phonon Raman modes has been predicted. This arises from the Franck—Condon
(FC) process via the self-trapped orbitons, suggesting a mixed character of phonons and
orbitons for the high frequency modes. This mixed character has also been shown
theoretically by other calculations considering the effects of super-exchange and
electron—phonon interactions [57,50]. The high intensity ratio (~0.1-0.4) of the second-
order modes to their first-order counterparts has been observed experimentally for

LaMnOs [51] and RMnO; (R = La, Pr, Ho and Y) [52], supporting the theoretical

74



proposal for the mixed nature of the multiphonon bands. On the other hand, a recent
room temperature Raman study of RMnOs; (R = Pr, Eu, Dy, Ho and Y) and o'
isotopically substituted EuMnO; [58] suggests that the high frequency modes are due to
second-order scattering involving only Brillouin-zone boundary phonons. All these
experimental studies have been carried out at room temperature and above. Our present
Raman study looks at multiferroic TbMnOj as a function of temperature from 5 to 300 K,
covering the spectral range from 200 to 1525 cm ™' and focuses mainly on the temperature

dependence of the two high energy excitations observed at 1157 and 1328 cm .

As far as first-order phonons are concerned, it has been shown that in RMnO;
(R = La, Nd, Sm, Gd, Dy, Pr and Tb), a few Raman and IR phonons involving oxygen
vibrations are anomalous, i.e. the phonon frequency decreases as temperature is lowered
below Tx [59-62] arising from spin—phonon coupling. There have been reports of Raman
studies on multiferroic TbMnO; dealing with only first-order Raman scattering [59,63—
65], but to our knowledge, there is no report of the high frequency excitations in
TbMnO;. In our work, we present Raman scattering data from an unoriented single
crystal of TbMnOs as a function of temperature in the range 5-300 K. We show that the
intensity ratio of the second-order mode to the corresponding first-order one is very high
and remains constant with temperature as predicted by Allen et al. [47,48] for coupled
multiphonon—orbiton modes. In addition, the first order mode involving oxygen
vibrations (o ~ 616 cm™") shows anomalous softening below Ty, possibly due to strong

spin—phonon coupling.
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2.3 Multiferroic nature of rare-earth chromites

2.3.1 Rare-earth chromites, LnCrO; (Ln = Ho, Er, Yb and Lu)

The ac conductivity data on polycrystalline samples of a few chromites reveal that
LaCrOs exhibits the maximum conductivity among the chromites with an activation
energy of 2.2 eV [66]. Furthermore, there are no breaks in the log 6~ I/T plot for LaCrO;
perhaps indicating the absence of the phase transformation. Similar is the case for
DyCrOs. The appearance of breaks in the log 6 ~ I/T plots of YCrOs, DyCrOs;, HoCrOs,
YbCrOs, and LuCrOs and the fact that since no magnetic transitions are found in these
compounds at these high temperatures [67] consolidated the speculation that these breaks
may correspond to ferroelectric-paraelectric transitions [68]. This led to investigations of
the dielectric properties of the heavy rare earth chromites, which were found to be
ferroelectric just as the corresponding manganites [69]. The Ea values of chromites in the
low temperature region show an increasing trend from Dy to Lu: the electrical
conductivity at a given temperature decreases in the rare earth series from LaCrO; to
YbCrO;. The optical spectra of the LnCrO; compounds show that the Ln-0 covalency
increases while the Cr-O covalency decreases down the rare earth series [70]. The
decrease in the magnitude of conductivity of LnCrO; down the rare earth series may
possibly be related to the decrease in the overlap of the cationic orbitals associated with
the decrease in the Cr-O covalency and increased covalency of the Ln-O bond. A
decrease in the probability of hopping of the charge carriers would be expected to
accompany these changes in the bonding [66].

Rare earth chromites are p-type semiconductors with conductivities larger than

the parent rare earth oxide but comparable to that of the corresponding transition metal
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oxide [66]. The electrical transport properties of these solids can be explained in terms of
the localized behavior of the d-electrons; in all the systems investigated, there is evidence
for small polarons. Among the three series of rare earth compounds, namely chromites,
manganites and ferrites, chromites exhibit the highest conductivity, lowest E, and largest

drift mobility, the conductivity of the chromites depending markedly on the Ln ion [66].

YCrO; and ErCrOs; are canted antiferromagnets just below the ordering
temperature Ty in which a ferromagnetic component occurs in the crystallographic c-
direction due to canting of the two antiferromagnetic sublattices [71]. YCrO; has been
found to exhibit weak ferromagnetism with spontaneous magnetic moment appearing
along c-axis [72]. Sharp peaks in the perpendicular ac magnetic susceptibilities have been
observed for frequencies from 10 Hz to 100 kHz at Ty (140 K for YCrO; and 133 K for
ErCrO;) and found to exhibit dependence on dc magnetic field which is well described by
the thermodynamic theory of magnetic phase transition in a weak ferromagnet [71]. As a
function of magnetic field, the value of the susceptibility varies at the peak with H **

power law. Below Ty, where magnetic domain effects are expected, viscous damped wall

motion appears to explain the susceptibility behavior versus frequency in ErCrOs.

Cr’ nuclear magnetic resonance (NMR) has been observed in the rare earth
orthchromites, YCrO3;, LuCrOs; and EuCrOs. In each compound, two quadrupolar split
resonances are observed and tentatively identified as arising from spins in the wall and
domain. The major contributor to the electric field gradient is lattice and this contribution

is correlated with the anisotropic part of the hyperfine field [73]. NMR studies on YCrO;
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shows a fast relaxation mechanism in the wall center. Comparison of the results of wall
NMR with the data on wall mobility indicates that orthochromites are highly damped
materials [74].

The Aj; and By, phonon frequencies in the Raman spectra of YCrOsz show large
blue shifts from Ty to lower temperatures. Such temperature dependence is understood by
the magnetic ordering of Cr’* ions because these phonon modes are related only to the
motion of Cr and O ions [75]. Specific heat measurement on YCrOs single crystal in a
temperature range from 30 to 360 K is done using high sensitive microcalorimeter
(1 WJ/K) [76]. YCrO; shows a sharp peak in the specific heat at Ty ~ 140 K due to a

canted antiferromagnetic ordering.

BiMnOs; is found to be ferroelectric below 770 K (Tg) and ferromagnetic below
105 K (T¢) [77]. BiCrO; is reported to exhibit a ferroelectric transition at 440 K and
parasitic ferromagnetism below 114 K [78]. In addition to BiMnOs3, hexagonal rare earth
manganites LnMnQO; (with Ln =Y, Ho, Er, Tm, Yb and Lu) are known to be multiferroic
with Tg >> Ty [8,79]. Considering that BiCrO; is multiferroic just like BiMnOs, it
occurred to Rao et al. that rare earth chromites such as YCrOs; may exhibit interesting
multiferroic properties which was later proved to be multiferroic with Ty = 140 K and
ferroelectric transition temperature, Tpg = 473 K [80]. While it is not a genuine
ferroelectric like BaTiO;, the dielectric transition and the weak polarization somewhat
resembling relaxor-like behavior, along with canted antiferromagnetism, makes it an
unusual multiferroic. The unusual aspect of YCrO; compared with other ferroelectrics

like BaTiOs or the series PbZr; TixOs, to name a few, is that, with a crystal structure of
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the ABOs type, it has always been described with centrosymmetric crystal symmetries:
P2,/n [81], P2;/m [82] or Pnma [83]. The question therefore arises as to how to reconcile
the existence of ferroelectricity in this material with the centrosymmetric crystal
structure, since the presence of ferroelectricity requires the displacement of the B cation
relative to the oxygen cage to create an electric dipole moment. First-principles density
functional calculations have shown that the polarization found in YCrOs arising from the
weak ferromagnetic instability is small and cannot explain the ferroelectric behavior, and
therefore, local non-centrosymmetry is suggested to investigate the origin of the
ferroelectricity in YCrOs [80]. By employing the neutron pair distribution function (PDF)
method (which is an excellent method for studying local phenomena and ferroelectricity
[84,85]) and Rietveld analysis of high-resolution neutron powder diffraction data, it was
later shown that local non-centrosymmetry is responsible for the ferroelectricity in
YCrO; [86].

By extending the logic for other heavy rare-earth chromites and on the basis of the
analogy with the multiferroic nature of the heavy rare-earth manganites LnMnOs (Ln =
Y, Ho, Er, Tm, Yb and Lu), we have investigated the magnetic and dielectric properties
of several heavy rare-earth chromites LnCrOs; (Ln = Ho, Er, Yb and Lu) to explore their

possible multiferroic nature.

2.3.2 YCrixMn,O;and LuCr;,Mn,O3 solid solutions

Initially, YCrO; was shown to be multiferroic with weak ferromagnetism and
ferroelectricity [80]. Analogously, all the heavy rare-earth chromites of the series LnCrO;

(Ln =Y, Ho, Er, Yb and Lu) exhibit canted antiferromagnetic behavior in the 113-140 K
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(Tx) range and a dielectric transition in the 472-516 K (Tg) range. Such a multiferroic
behavior of these chromites has been explained on the basis of local non-centrosymmetry
since these chromites formally possess the centrosymmetric orthorhombic structures.
YMnO; is a well-known multiferroic with the antiferromagnetic transition temperature 71
K (Tn) and the ferroelectric transition at 913 K (Tg) [17,87]. LuMnO; is also a

multiferroic with Ty and Tg values of 90 K and 750 K respectively [17,8].

We have investigated the effect of substitution of manganese for chromium in the

chromites, LnCrO; (Ln =Y, Lu), on their multiferroic properties.

2.4 Beneficial modification of the properties of multiferroic

BiFeO; by cation substitution

BiFeOs; (BFO) is a promising multiferroic candidate for practical applications
because it possesses high antiferromagnetic transition temperature (Ty = 640 K) and
ferroelectric transition temperature (T¢ = 1100 K), both above room temperature [87-89].
Single-phase insulating BFO ceramics synthesized by liquid phase sintering and
quenching processing techniques reveals that the formations of Fe’" and oxygen
deficiency leading to the higher leakage current are greatly suppressed [90,91]. The
O-Bi-O angle was found out to be about 163.633° showing the occurrence of distorted
R3c crystal structure [91]. A well-saturated ferroelectric hysteresis loop with a large
remnant polarization (2P,=23.5 pC/cm?) is observed with an applied field of 155 kV/cm.
It does not exhibit ferromagnetic hysteresis loop at room temperature. The temperature-

dependent magnetization shows a decreasing trend from room temperature down to
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100 K followed by an increase in the value at lower temperatures [88,91]. A remarkably
high saturation magnetization of ~0.4 pg/Fe along with room temperature ferromagnetic
hysteresis loop has been observed in nanoscale (4—40 nm) multiferroic BFO which in
bulk form exhibits weak magnetization (~0.02 pg/Fe) and an antiferromagnetic order
[92-94]. Density functional theory shows that weak ferromagnetism of the
Dzyaloshinskii-Moriya type occurs in this material and also explores the possibility of
electric-field-induced magnetization reversal [95]. It predicts a significantly large
ferroelectric polarization of 90-100 pC/cm” in a leakage-free BFO sample [96].
Temperature-dependent Raman scattering investigation reveals that the loss of the Raman
spectrum at the Curie temperature, Tc indicates a cubic Pm-3m structure for the
paraelectric phase, where, interestingly, the transition is not soft-mode driven and strong
phonon anomalies around the Néel temperature Ty for some particular phonons suggests
the multiferroic character of BFO [97]. High resolution neutron powder diffraction on
BFO reveals that cycloidal spiral spin modulation superimposed on G-type
antiferromagnetic spin ordering [98,99] cancels out any possible net magnetization. One
of the ways of suppressing spiral spin modulation in BFO is the chemical substitution in
the A-sublattice of the ABO; perovskite. Spontaneous magnetization has been revealed
both for Bi;xRxFeOs (R = Nd, Sm, Gd, Tb, Dy) solid solutions doped by magnetically
active rare-earth ions [100-104] and for diamagnetically substituted Bi;.xAxFeO3; (A = La,
Sr, Pb, Ba) compounds [105-109]. While the dependence between the kind of substituting
element and the magnetization value might be natural for rare-earth substitution, which
can induce additional magnetic contribution at sufficient concentrations (at low

temperature), it is the A-site substitution with the biggest ionic radius ions in case of
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diamagnetic dopants which has been found to effectively suppress the spiral spin
structure of BFO giving rise to the appearance of weak ferromagnetism [110]. Another
bismuth-based compound. BiMnOs, is shown to be ferroelectric below 750 K (Tgg) and
ferromagnetic below 105 K (T¢) [77, 111-113]. Moreover, Mn doping to Fe site has been
reported to transform the spirally modulated spin structure to collinear spin structure
[114]. In the literature, there is a study of one composition of BiFe; «Mn,Os reporting a
near room-temperature dielectric anomaly around the antiferromagnetic transition [115].
There are a few papers on the Bi;4La,FeOs system which suggest a structural change at a
certain composition although there are differences among the literature reports and
furthermore, there are indications of possible improvement in the dielectric properties on
substituting Bi by La [105, 116-118].

In the present study, we have investigated the modification of the multiferroic
properties of BiFeO; by appropriate cationic substitutions with the elements like La and

Mn over the range of compositions x = 0.0-0.3.

2.5 Rare-earth ferrites, LnFe,O,

In line with the phenomenon of cationic charge-ordering and induction of
ferroelectricity in doped-perovskite manganites [119,120], some of the rare earth ferrites
of the type LnFe,O4 (Ho-Lu,Y) are found to be charge-ordered because of competing
interactions between the charges of the nearest and the next nearest neighbor ions on the
triangular lattice [121-123]. These ferrites also show magnetoelectric effect. The origin of
ferroelectricity in the ferrites is related to the charge-ordering transition arising from

strong electron correlations.
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LnFe,0y, crystallizing in rhombohedral structures (space group R-3m) consists of
alternate stacking of triangular lattices of rare-earth, iron and oxygen ions along the ¢ axis
[124]. The double iron triangular layer is separated by a single rare earth triangular layer
in the structure. The Fe-Fe distances within a layer (3.44 A) is longer than the Fe-Fe
distances between the layers (3.156 A) [125]. The iron has five-fold oxygen coordination
with a triangular bipyramid. The rare-earth ion is positioned in a distorted oxygen

octahedron. The Fe ions are in a mixed-valent state with equal amounts of Fe’" and Fe**.

All the rare earth ferrites show magnetic ordering around 250 K [126-128]. The
spontaneous magnetic moment evaluated from the saturated magnetization measurement
is approximately 1.4 pup per formula unit. The magnetization has strong uniaxial
anisotropy with the easy axis along the ¢ direction [129]. This fact is interpreted as the
ferrimagnetic ordering of Fe’™ and Fe’". Mossbauer spectroscopy studies under a
magnetic yield [130,131] yielded information about the spin configuration of Fe ions.
Among three types of Fe’” ions, two of them contribute to the minority spins and the rest
to the majority spin in a domain. All Fe*" ions contribute to the majority spins. In a
comparison of these findings with saturated magnetization, it was concluded that
LnFe,04 has a ferrimagnetic ordering.

The members of the LnFe,04 family form a superstructure from the ordering of
Fe*™ and Fe’". This superlattice cell possesses both magnetic and electric spontaneous
polarization. The superstructure formed by the Fe*" and Fe’" ions supports electric
polarization consisting of distributed electrons of polar symmetry, since the centers of

Fe’" and Fe’" ions do not coincide [132-134]. The direct detection of charge ordering can
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be done by the application of resonant x-ray scattering experiments [135]. The resonant
X-ray scattering experiment on single crystals of LuFe,O4 proves the presence of the
charge stripe [132]. Because of the frustrated nature of the triangular iron lattice in each
iron layer, the usual bipartite checker-board Fe*'/Fe’" charge ordering is not favorable,
and another option becomes preferred. A charge redistribution between layers takes
place, so that in each bi-layer one layer, say the lower layer, has a 2:1 ratio of Fe*"/Fe’**
and its upper counterpart has the inverse 1:2 ratio. Because of this interlayer charge
redistribution each triangular layer can have a perfect, unfrustrated charge ordering. Each
triangular layer will have three sublattices, one sublattice being occupied by Fe** and two
others by Fe*". The charge ordering is vice versa in the other layer. As a result, each
bilayer acquires a dipole moment, as shown in Fig. 2.3, and the total system becomes

ferroelectric [132,133,136,137].

Fig. 2.3: Charge ordering in bilayered LnFe,O4 with a triangular lattice of Fe ions in each layer. The charge

transfer from the top to bottom layer gives rise to net electric polarization (Ref. [137]).
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Among all the rare earth ferrites, LuFe,O4 has been widely studied. Neutron
diffraction studies of LuFe,O4 have shown that it undergoes successive phase transitions
from a disordered state to a two-dimensional charge density wave (CDW) state and then
to a three-dimensional CDW state [138,139]. In the two-dimensional CDW state, the
CDW defined by the wave vector (1/3,1/3) is formed in the hexagonal layer. From a
dielectric viewpoint, this phase is viewed as random stacking of two-dimensional
ferroelectric layers. In the three-dimensional CDW state, anti-phase stacking of the two-
dimensional ordered layer develops. At the same time the in-plane charge order exhibits a
doubly modulated long period structure. This phase is characterized by an
incommensurate antiferroelectric phase [140]. In situ cooling transmission electron
microscopy observations on LuFe,O4 show that the charges in the ground state are well
crystallized in a charge-stripe phase and that charge concentration in this charge-stripe
phase can be characterized by a non-sinusoidal CDW which gives rise to an electric
polarization [141]. Magnetodielectric response was found in LuFe,O4 at room
temperature indicating a coupling between the spins and electric dipoles [125]. The
magnetocapacitance effect in LuFe,O4 is due to charge fluctuations arising from the
interconversion between the two types of charge order, which are hindered by an applied
magnetic field [142]. There was a report of experimental evidence for ferroelectricity in
LuFe,0;, arising from electron correlations [132]. Later, magneto-dielectric response was
discovered at room temperature indicating a coupling between the spins and electric
dipoles [125,143].

Since most of the rare-earth ferrites have similar magnetic and dielectric behavior,

we strongly believed that the similar magneto-dielectric properties would occur in these
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materials. We have, therefore, synthesized LugsFeosFe,Os4, YFe;Os4, YbFe;O4 and

ErFe,04 and studied their magnetic, dielectric and magneto-dielectric properties in detail.

2.6 Charge-ordered manganites

2.6.1 Ln ,AyMnO; (Ln = Lanthanide or Rare-earth, A = Alkaline earth)

Charge ordering occurs in some mixed-valent transition metal oxides. When
differently charged cations in an oxide order on specific lattice sites, the hopping of
electrons between the cations is no longer favored [144-147]. One, therefore, observes an
increase in the electrical resistivity at the charge-ordering transition, often accompanied
by a change in crystal symmetry. Because transition metal ions also carry spins, it is
interesting to examine the magnetic (spin) ordering in the solids in relation to charge
ordering. Charge ordering of Fe*" and Fe’" in Fe;0, occurs at 120 K and below, where it
coexists with the ferrimagnetic order that is established at a much higher temperature
(T =858 K). Around 120 K (Ty), Fe;O4 shows a sharp increase in resistivity, commonly
referred to as the Verwey transition. Charge ordering occurs in perovskite manganites
through a fairly wide range of compositions of Ln;.xAxMnOs, (where Ln is a rare earth
and A is a divalent cation), provided the Ln and A ions are not too large. Large Ln and A
ions (e.g., La, Sr) favor ferromagnetism and metallicity, whereas the smaller ones (e.g.,
La, Ca, or Pr, Ca) favor charge ordering (see Fig. 2.4). It competes with the double-
exchange interaction, which favors ferromagnetism and metallicity (charge ordering
inhibits the electron transfer process that is associated with double exchange and
therefore cannot coexist with ferromagnetism in manganites). Charge ordering occurs at a

higher temperature than spin ordering in some of the manganites (Tco > Tx), whereas in
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some others Tco = Tn. Orbital ordering occurs without charge ordering in the A-type
antiferromagnetic manganites, but in the manganites where charge ordering occurs,

antiferromagnetism of CE-type is found along with orbital ordering.

Fig. 2.4: Structure of a charge-ordered manganate.This view down the ¢ axis of Nd,sCaysMn0; at 10 K
shows charge ordering of the Mn®*" and Mn*" cations. Mn®" is shown in blue, Mn*" in yellow, oxygen in

red, and Nd/Ca in whitish gray. [Ref. 145]

Charge ordering in the manganites is strongly affected by the average radius of
the A-site cation, <ra>. A simple way to vary <ra> smoothly is to change the rare-earth
element in Ln; cAxMnOs, because <ra> decreases along the rare-earth series from La to
Lu ( known as the lanthanide-contraction ) [145]. Changing the alkaline-earth element
from Sr to Ca increases the range; thus, LagsSrosMnOs has <r,> of 1.26 A and
Y.5CapsMnOs has <ra> of only 1.13 A. A small <rp,> gives rise to a significant deviation
of the Mn—O-Mn bond angle from 180° and hence decreases the one-electron e,

bandwidth.
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Fig. 2.5. Schematic phase diagram of rare-earth manganites showing different types of charge- ordering
effect with the variation in the average radius of the A-site cations. FMM, ferromagnetic metal; PMI,
paramagnetic insulator; AFMI, antiferromagnetic insulator; CO, charge-ordered state. [Ref. 148]

The diagram (Fig. 2.5) shows that when <ra> is large (in region A), the
ferromagnetic metallic state is stable [148]. Such manganites do not show charge-
ordering (e.g., Lag7Sro3sMnOs with <ra> of 1.244 A). With a slightly smaller <r,>, the
ferromagnetic state becomes unstable and transforms to an antiferromagnetic charge-
ordered (CO) state on cooling as in the region B of the figure (e.g. Ndo sSrosMnO; with
<rp> of 1.236 A). When <rp,> is very small, as in region D, the oxide does not exhibit
ferromagnetism and gives rise to an insulating charge-ordered ground state (e.g.
Pro7Cag3MnO; with <ra> of 1.179 A).

We can also distinguish three different categories of manganites with respect to
their sensitivity to magnetic fields: (a) manganites that are FM and become charge-
ordered at low temperatures (e.g., NdosSrosMnO3; when Tco = Tn), with the CO state

transforming to an FMM state on the application of a moderate magnetic field;
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(b) manganites that are charge-ordered in the paramagnetic state (Tx < T¢p), and do not
exhibit an FMM state, but transform to an FMM state under a magnetic field
(e.g., PrixCayMnOQ3); and (c) those that are charge-ordered in the paramagnetic state (Tx
< Tco) as in b, but are not affected by magnetic fields up to 15 T or greater (e.g.,
Y.5CaosMnO; with <r,> =1.13 A). Category (c) is encountered when <r,> < 1.17 A
[144]. The charge-ordered state can be melted by the application of electric field, even in
Yo.5CapsMnO3; where the charge-ordered state is not affected by magnetic fields [149].
The insulator-metal (I-M) transition temperature decreases with increasing current. The
hysteretic [-M transition is specially noteworthy in that there is a reproducible memory
effect in the cooling and heating cycles. Application of external pressure suppresses
charge-ordering; increases ferromagnetic Tc of NdpsSrosMnOs; and induces the
metallicity in Pry7Cag3MnOs [150].

The formation of FM clusters in an AFM host matrix in the rare earth manganites
has been noticed by many workers [144]. Thus, spin glass behavior has been encountered
in the Ln;xAxMnO; system at either extreme, corresponding to large or small x.
Electronic phase separation is also evidenced in the manganites. Thus, an electron
microscopic study of Laj.,Pr,Ca,MnO; (x = 0.375) has shown electronic phase
separation into a submicrometer-scale mixture of CO insulator regions and FMM
domains. Percolative transport could occur between the two states [151]. The coexistence
of FM and CO states has been observed in Lags;CagsMnOs and Ndyoslag25CagsMnO;
[152,153]. In Cr-doped NdjsCapsMnQO;, submicrometer scale FMM domains are
embedded in an AFM CO state. So, the material shows a relaxor behavior [154].

Ndo 5SrosMnOs, which shows evidence for separation into three macroscopic phases, is
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particularly interesting. These are the high-temperature FMM phase (Imma), the A-type
AFM intermediate-temperature phase (Imma) and the CE-type AFM CO low-temperature
phase (P2;/m) [155]. The A-type AFM phase starts manifesting itself around 220 K,
whereas the CE-type CO phase first appears at 150 K. There are three phases at the so-
called CO transition at 150 K. The presence of the high-temperature FMM phase, even at
very low temperatures, is noteworthy.

As we already discussed, one of the mechanisms to induce ferroelectricity and
magnetoelectric effects in oxide materials is cation charge-ordering. Khomskii and
coworkers have predicted recently that rare earth manganites of the formula
Ln; xAxMnOs should show charge-order driven magnetic ferroelectricity [119,120].
These rare earth manganites can exhibit two types of charge-ordering depending on the
composition. Site-centered charge-order (SCO) is expected at x = 0.5 and bond-centered
charge-order (BCO) at x = 0.4. The materials are expected to have a ferroelectric ground
state between these two extremes. There is a report in the literature for the occurrence of
a dielectric anomaly in ProcCap4MnO; around the charge-ordering transition temperature
[156]. Although magnetic fields are noted to affect the dielectric properties of the
manganites [157], there has been no definitive study of the effect of magnetic fields on
the dielectric properties to establish whether there is coupling between the electrical and
magnetic order parameters.

We have investigated the dielectric properties, magnetocapacitance and related
features of rare earth manganite Ndy sCagsMnOj3 exhibiting SCO. We have also examined
the manganite compositions of the type PrysCapsMnO; exhibiting BCO, which show

canted antiferromagnetic or weak ferromagnetic behavior at low temperatures due to
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electron phase separation. Besides these manganites, we have also studied Pry7Ca3MnO;
and LagsNdo25CagsMnO;, which also have comparable radii of the A-site cations.
Dielectric, magnetic and SHG measurements on the charge-ordered insulators,
Y xCayMnOs (x = 0.4, 0.45 and 0.5) have also been carried out to explore their

multiferroic nature.

2.6.2 Magnetoelectric effect in binary rare-earth manganite systems

One of the cognitive approaches of achieving multiferroic nature is by combining
the ferroelectric and ferromagnetic properties through proper choice of compounds:
ferroelectric compounds like BaTiOs, PbTiOs, Pb(Zr;4Tix)O3; on one hand and BiFeOs,
LaFeOs;, LaMnO; on the other [158-163]. Through this route, not only the magnetic
property has been enhanced, but it has also yielded high value of resistivity and low
leakage current in BiFeOs; making it favorable for appreciable polarization with well-
saturated hysteresis loops [160,164].

Singh et al. [165] have shown that 0.9BiFeOs;-0.1BaTiO; system shows a
magnetoelectric coupling by magnetic, dielectric and calorimetric studies. The change in
electric polarization with magnetization and the shift in position of Bi in the magnetic
phase confirms the coupling of ferroelectric (P) and magnetic (M) order parameters.
Furthermore, the polarization is not only found to increase in the ferromagnetic state, but
also scales with magnetization (M) providing the direct evidence for the intrinsic
magnetoelctric coupling of multiferroic origin. In case of 0.7BiFe03-0.3BaTiOs, the

dielectric constant shows a broad ferro-para phase transition at around 175° C [166].
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Magnetisation data shows a transition at 265 K which happens due to the presence of
non-magnetic BaTiO; phase causing the reduction of the magnetic interaction and thus
diminishing the Neel temperature to below room temperature. (Pbgglag,)(TipsFep2)Os
exhibits two prominent peaks observed at all the frequencies in the ¢ ~ T profile [162].
The first sharp peak at 434 K (T¢) is independent of frequencies and represents a pure FE
to PE transition. Thus, doping of La (20 wt. %) at A-site is observed to decrease the FE
transition temperature Tc¢ to 434 K (as compared to 768 K for pure PbTiOs3). The second
peak is found to be frequency dependent which corresponds to a magnetic transition

around 640 K, thereby indicating magnetization-induced dielectric behavior.

It is reported that increasing proportions of LaMnOs in the BaTiOs;-LaMnOs;
system systematically decreases the dielectric constant and increases the loss, tan & [163].
Dielectric anomaly around 410 K and magnetic hysteresis at 293 K were clearly
observed, which might imply the coexistence of ferroelectricity and ferromagnetism at
room temperature. The magnetodielectric effect shows the increase of [ {e(H)- £(0)}/ (0)]
with x and its proportionality to the square of the magnetization. Low-frequency
magnetoelectric (ME) voltage coefficient ag has been measured in bilayers and
multilayers of Lag7Sro3MnO; (LSMO) - PZT and Laj7Ca3Mn0O; (LCMO) - PZT oxide
films [167]. The effect is stronger in LSMO-PZT than in LCMO-PZT and is weaker in
multilayers compared to bilayers. A maximum og of 60 mV/cm Oe is measured for the
transverse ME effect and is a factor of 2 to 3 higher than the longitudinal effect. The bias
magnetic-field dependence of ag shows hysteresis and remanence. A general increase in

o is observed with increasing frequency or decreasing temperature. BiFeO;—PLZT
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[(PbooLag1)(ZroesTip35)O03] system gives the highest value of spontaneous magnetization
corresponding to 30 wt. % composition of PLZT, indicating the presence of weak
ferromagnetism which is considered to be due to structural distortion of BiFeO; from
rhombohedral to cubic structure in the solid solutions and originating from

Dzyaloshinskii-Moriya interaction [168].

We have studied magnetoelectric properties of a combination of two rare earth
manganites with different properties; one showing ferromagnetism and the other
exhibiting charge-ordering and possibly phase separation. The systems studied are
Lag7CapsMnO3-Y(5CagsMnO;, LagsSrgsMnOs-Yos5CagsMnOs; and  PrgsSrgsMnOs-
Pro6Cap4sMnOs. Y(5CapsMnO;s is very robust site-centered charge-ordered insulator
while PrySro4sMnOs; is a bond-centered charge-ordered insulator. Both seem to exhibit
evidence for electronic phase separation at low temperatures while Laj;Cao3MnOs is a
prototype manganite showing colossal magneto resistance around the ferromagnetic
transition temperatures. LagsSrosMnO; and PrysSrosMnO; are ferromagnetic metals at

room temperatures.
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3. EXPERIMENTAL DETAILS

This section of the thesis mainly deals with the experimental aspects of the work
carried out. It covers a brief description of the synthesis procedures of the materials along
with the basic operation principles of the instruments employed and various

characterization techniques adopted.

3.1 Synthesis of materials

This part of the section deals with the different synthesis methods used to prepare
various materials. It contains a brief discussion about the conventional solid state
reaction, sealed tube reaction and reduction method through which polycrystalline
samples were prepared. It also includes floating zone melting technique used for the

growth of single crystals.

3.1.1 Solid state reaction route

Conventional solid state reaction method is a well-established technique for the
preparation of bulk ceramic materials [1]. The technique is known for its versatility in
synthesis of perovskite type of functional ceramics [2]. This method depends on the inter-
diffusion between the rare earth and transition metal oxide powders and therefore, it
becomes necessary to use fine powders. The reaction temperatures are usually as high as
700° C to 1500° C, in order to maximize the diffusion length so that the reaction will

occur at an appreciable rate. Both thermodynamic and kinetic factors are important in
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solid state reaction. Thermodynamic factors determine whether or not a particular
reaction should occur by considering the change in free energy that is 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.

Synthesis of Bii.xLaxFeO3; and BiFe; xMnxO3

Polycrystalline samples of the ferrites were synthesized by the conventional solid
state reaction method. MnO, and La,Os; were employed for BiFe; Mn,O; (x =
0,0.1,0.2,0.3) and Bi; x\LayFeOs (x = 0,0.1,0.2,0.3) respectively and Bi,03; and Fe,O3; were
common in both the cases. As bismuth evaporates around 800 °C, 4% of Bi,O3 were
taken in excess for the synthesis of BiFe; \Mn,O3;. However, this step was not adopted for
Bi; xLayFeOs with x = 0.1, 0.2, 0.3 as bismuth starts reacting with lanthanum before the
onset of its evaporation. After the overnight preheating at 500 °C, the powders were taken
in stoichiometric proportions, mixed together and ground with propanol in an agate
mortar for around an hour separately for each compound. They were sintered for 30 h in
the form of disc-shaped pellets at 50 °C intervals upto 800 °C for BiFe; . Mn,O; and 850
°C for Bij,LaFeOs compositions with intermediate grinding. Finally, the samples were
reground and pressed into pellets of 13 mm diameter with the application of 25 kN. 2 %
of polyvinyl alcohol in water is used as a binder for proper shaping of the pellets. The
resulting pellets were sintered for 10 h at a slow heating rate of 1 °C/min at the above-

mentioned temperatures with an intermediate stay for 2 h at 600 °C for binder removal
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and cooled down to the room temperature with cooling rate of 2 °C/min. Finally, the
pellets were annealed in oxygen atmosphere at 700 °C for 24 h to minimize oxygen

vacancies.

Synthesis of LNCrOs3, Y (Lu)Cri;xMnxO3, LUMNO;

In order to synthesize polycrystalline samples of LnCr;«MnsO3 (Ln =Y, Lu; x =
0.0-0.3), stoichiometric quantities of Ln,Os, Cr,03 and MnO, were mixed and ground for
1 h in an agate mortar with propanol. The mixture was dried and ground again. The
resulting powder was pelletised and sintered at 900 °C for 24 h. The pellets were then
sintered at 1300 °C with intermediate grinding followed by sintering at regular intervals
of 100 °C. The resulting product was ground, pelletised with polyvinylalchol and sintered
in air at 1450 °C for 50 h. To improve the oxygen stoichiometry, the pellets were

annealed in oxygen at 800 °C for 24 h in a tube furnace.

Synthesis of Ln;.xAxMnO3 (Ln = rare earth, A = alkaline earth)

Polycrystalline samples of Y(s5CapsMnOs, Ys55CagssMnOs, Yo6CagsMnOs,
Pry6Cap4sMnOs, GdysCagsMnOs and Ndy sCagsMnOs were prepared by the conventional
solid state reaction method. Rare earth oxides were pre-heated at 700 °C. Stoichiometric
quantities of Ln,O3, CaCO3 and Mn,O3; compounds were mixed thoroughly in propanol
for homogeneity. Initial sintering in air was carried out at 900 °C for 30 h, subsequently
followed by grinding and sintering at the intervals of 100 °C up to the maximum
temperature of 1400 °C except GdysCagsMnOs and Y(s55Cag4sMnO; for which the final

temperature was 1300 °C and 1450 °C respectively. The duration of the final sintering
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was 50 h. In order to compensate for the oxygen vacancies, the pellets were annealed in

high-purity oxygen at 800 °C and then 700 °C for 24 h each.

Synthesis of the binary rare-earth manganite systems

The binary systems Lay7Cag3MnOs-Y(5CagsMnOs, Lag 5Srg sMnQOs-
Y.5CapsMnOs and PrysSrg sMnOs3-Pry ¢CagsMnOs were prepared through two different
methods.

In method I, stoichiometric quantities of respective starting materials (Ln,O3; with
Ln = La, Pr and Y, CaCOs3, SrCO; and Mn,0O3) were thoroughly ground for 1 h in an
agate mortar with propanol with an aim to synthesize (Lay7Cag3)1x(Y0.5Cags)xMnO;3 and
(Lag.5Sro.5)1x(Yo.5Cap5)xMnOs. The resulting powder was pelletized and heated at 900° C
for 30 h. The subsequent heating in air was carried out at 100° C intervals for 30 h up to
maximum temperatures of 1400° C with an intermediate grinding except in the case of
LagsSrosMnO; in which final heating was done at 1300° C. The resulting product was
ground, pelletized using binder (2% solution of polyvinylalchol) and sintered in air at
1400° C for 50 h (in the case of LagsSrosMnOs 1300° C). The sintered pellets are then

annealed in oxygen atmosphere at 800 ° C for 24 h to improve the oxygen stoichiometry.

In method II, for the synthesis of (Lagp7Cay3MnOs);(Yos5CagsMnOs)y,
(LaosSro.sMn0O3)0.75(Y05Cao.sMnO3)o2s  and  (Pro.sSrosMnOs)1x(Pro¢CaosMnOs)y, the
respective parent compounds were prepared independently and were mixed in suitable
proportions. The mixture was thoroughly ground, pelletized and heated at 1000° C

onwards as described above in method 1.
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3.1.2 Synthesis of rare-earth ferrites

YbFe204 and LUO_5Y0_5F9204

Polycrystalline YbFe;O4 and LugsYosFe,O4 were prepared starting with a mixture
of high purity (sigma-aldrich 99.9%) Ln,0;, Fe,O; and Fe metal powder taken in
stoichiometric quantities. The mixtures were ground thoroughly in an agate mortar and
pelletized. The pellets were taken in 10 mm diameter quartz tubes. The tubes were
evacuated upto 10 bar using a diffusion pump backing with a rotary pump. Then the
quartz tubes were sealed using a flame torch. The evacuated quartz tubes were heated at

1100 °C at a rate of 2 °C/min. for 24 h and then quenched with liquid nitrogen.

ErFe;O04, YFe 04

ErFe;0s4, YFe,04 samples were prepared from a stoichiometric mixture of Ln,O3
and Fe;O;. The mixture was thoroughly mixed and pelletized later. The pellets were
heated in a reducing atmosphere of CO,/H; at 1200 °C with a ramping rate of 2 °C/min.
for 24 h. The oxygen partial pressure of CO,/H, gas mixtures was kept in the ratio of
almost 2:1 with 120 bubbles of CO, and 65 bubbles of H, passing per minute. After the

heating was over, the samples were rapidly cooled to room temperature.

3.1.3 Preparation of single-crystalline samples

There has been a lot of interest in preparation of high quality single crystals
devoid of impurities and defects. There are several methods to grow single crystals: the
Czochralski method, flux method, skull melting and Bridgman and Stockbarger methods

[1]. The most popular technique for rare earth manganites and cobaltites is the floating
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zone melting technique. The advantage of this technique is that it does not require any
container; therefore, the contamination from the container wall is completely avoided.
Moreover, the uniform distribution of chemical constituents can be obtained by

eliminating heterogeneous nucleation.

Floating zone melting technique
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Fig. 3.1: The cross section of the floating zone melting furnace

Fig. 3.1 shows the schematic diagram of the floating zone image furnace. The
furnace used in the present study was SC-M35HD, Nichiden Machinery Ltd., Japan. It
consists of a pair of halogen lamps to generate infrared radiation, a pair of ellipsoidal

mirror to focus the radiation onto the sample, a quartz tube enclosing the floating region
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for maintaining the required atmosphere and two pulleys that can move independently or
in a synchronized manner to control the growth rate. The growth rate can be varied from
0.1-99 mm/h. The maximum lamp temperature can be achieved upto 2200 °C and the

corresponding maximum pressure inside the quartz tube is of six atmosphere pressure.
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Fig. 3.2: Stages of crystal growths inside the furnace

Fig. 3.2 shows the schematic presentation of different stages of the crystal growth
using the floating zone furnace. Infrared radiation coming from a pair of halogen lamps is
focused onto the polycrystalline rods by using a pair of gold-coated concave ellipsoidal
mirrors. At the focal point the rods melt. The melts between the two connecting feed and
seed rods are held by surface tension force without any other support and hence the name
floating zone melting technique. The stability of the molten zone can be controlled by

changing the temperature, pressure, atmosphere, rod rotation speed and molten zone
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pulling rate. In the presence of a seed, very slight supercooling (bringing a clean liquid

many degrees below its freezing temperature without freezing) causes the crystal growth.

A floating-zone furnace fitted with two ellipsoidal halogen lamps with radiation
heating was used to grow the single crystal of TbMnOj; and ErMnOs. Polycrystalline rods
(feed and seed) were prepared by conventional solid-state reaction method.
Stoichiometric mixtures of the starting materials Tb,O3; and Mn,O3; were weighed in the
desired proportions and ground for few hours in an agate mortar with propanol. The
powder is heated at 900 °C, 1000 °C, 1200 °C with intermediate grinding. The powder
was finally sintered at 1400 °C for 24 h in air. The sample was then reground and
monophasic polycrystalline powder was hydrostatically pressed and sintered at 1400 °C
for 24 h in air to obtain feed and seed rods with a diameter of 3-4 mm and a length of 90-
100 mm. A single crystal was then grown under an air atmosphere at a growth rate of
4 mm/h. ErMnOs single crystal was also grown by a similar process. A mixture
containing stoichiometric quantities of Er,O3 and MnO, was ground with propanol and
the mixture was dried at 800 °C, followed by intermediate grinding and sintering at 100
°C intervals for 30 h up to 1200 °C. After final grinding, the resulting monophasic
polycrystalline powder was hydrostatically pressed into rods and sintered at 1250 °C to
obtain rods of around 4 mm in diameter and 90—-100 mm in length. Single crystals were
grown by the floating-zone method (SC-M35HD, Nichiden Machinery Ltd., Japan) fitted
with two ellipsoidal halogen lamps. The rotation speed of the feed and seed was

maintained at 15 rpm and single crystals were grown from the melt at a pulling rate of 3
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mm/h. The single crystals were annealed at 900 °C for 12 h and at 800 °C for 24 h to

improve the oxygen stoichiometry in the sample.

3.2 Structure and morphology

3.2.1 Structural analysis: Powder x-ray diffraction

The analytical techniques like x-ray diffraction and electron microscopy which
reveal information about the crystallographic structure and chemical composition of
materials are discussed in this section.

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 [1]. This technique is used to identify unknown
substances, by comparing diffraction data against the database maintained by the
International Centre for Diffraction Data (ICDD). The basic principles of this x-ray
diffraction and the analysis of the same is well known in the literature [3]. The
observation of diffraction peaks is an indication of the crystalline behavior of a material
under study. These peaks correspond to the basic Bragg reflection belonging to a
particular family of planes, which is named after the scientists W.L. Bragg and W.H.
Bragg who simplified the basic diffraction phenomena of x-rays by lattice planes present
in a crystal. The Bragg equation which relates the lattice spacing and the observed 26 in a
diffraction pattern is given below.

2dhkl sin® = nA (3. 1)
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where, dng is the lattice spacing of a particular (hkl), 0 is the glancing angle, A is the
wavelength of the X-ray source and n is the order of diffraction. Comparing the values of
lattice spacing obtained from observed diffraction pattern of the synthesized powders

with the JCPDS data, (hkl) values could be found out.

The phase purity of the polycrystalline samples was established by recording the
X-ray diffraction patterns using a Seiferts 3000 TT diffractometer. The data were

recorded in the 20 range of 10°-90° using Cu-K, radiation (1.5406 A). The lattice

parameters were calculated from the XRD patterns using PROSZKI software package.

3.2.2 Electron Microscopy
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Fig. 3.3: Electron-specimen interactions
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When a high energy electron beam is focused and allowed to interact with a solid
medium, it undergoes several interesting phenomena. These phenomena are characteristic
to the material of interest and can be utilized to characterize the material itself. Figure 3.4
shows the various possible phenomena that can occur when an electron beam is focused
on the material. The wave particle duality exhibited by the electrons gives rise to a
characteristic de Broglie wavelength depending on the acceleration voltage, which can be
focused with the help of electromagnetic lenses and effectively used in electron

microscope [4].

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 focused 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, electromagnetic lenses, a scanning system and

an electron detector [5]. The electron gun provides a source of electrons. In a typical
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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 vapor pressure of all metals, thereby
allowing it to be heated for electron emission. Other types of electron emitters include are
lanthanum hexaboride (LaBe) cathodes and field emission guns. Field emission guns 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 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 conductive, 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.
Coating prevents the accumulation of static electric charge on the specimen during

electron irradiation.
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A field-emission cathode in the electron gun of a SEM provides narrower probing
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 images with spatial
resolution down to 1 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. Reduced penetration of low kinetic energy
electrons probes closer to the immediate material surface. High quality and low voltage
images are obtained with negligible electrical charging of samples (accelerating voltages
range from 0.5 to 30 kV) and the need for placing conducting coatings on insulating

materials is virtually eliminated.

Energy Dispersive X-ray analysis

The composition analysis of the powder sample was carried out by Energy
Dispersive X-ray (EDX) analysis using a LEICA S4401I scanning electron microscope
fitted with a Si-Li detector. During EDX Analysis, the specimen is bombarded with an
electron beam inside the scanning electron microscope. The bombarding electrons collide
with the specimen atoms on electrons, knocking some of them off in the process. A
position vacated by an ejected inner shell electron is eventually occupied by a higher-
energy electron from an outer shell. To be able to do so, however, the transferring outer
electron must give up some of its energy by emitting an X-ray photon. The amount of
energy released by the transferring electron depends on which shell it is transferring

from, as well as which shell it is transferring to. Furthermore, the atom of every element
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releases X-rays with unique amounts of energy during the transferring process. Thus, by
measuring the amounts of energy present in the X-rays being released by a specimen
during electron beam bombardment, the identity of the atom from which the X-ray was

emitted can be established.
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Fig. 3.4: A typical EDX spectrum

The output of an EDX analysis is an EDX spectrum (see Fig. 3.4). The EDX
spectrum is just a plot of how frequently an X-ray is received for each energy level. An
EDX spectrum normally displays peaks corresponding to the energy levels for which the
most X-rays had been received. Each of these peaks are unique to an atom, and therefore
corresponds to a single element. The higher a peak in a spectrum, the more concentrated

the element is in the specimen.
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3.3 Measurement of physical properties

3.3.1 Dielectric measurements

A material is classified as “dielectric” if it has the ability to store energy when an
external electric field is applied [6]. 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. 3.5), more charge is stored when a dielectric material is between the plates than if

no material (a vacuum) is between the plates.
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Fig. 3.5: Parallel plate capacitor, DC case

C and C, are capacitance with and without dielectric respectively. k¥’ = €' is the
real dielectric constant or permittivity and A and t are the area of the capacitor plates and
the distance between them (Fig. 3.5). 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. 3.6), the resulting current will be made

up of a charging current I, and a loss current I; that is related to the dielectric constant.
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The losses in the material can be represented as a conductance (G) in parallel with a

capacitor (C).
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Fig. 3.6: Parallel plate capacitor, AC case

The following notations are used for the complex dielectric constant interchangeably:
K=K =&=g& (3.2)
From the point of view of electromagnetic theory, the definition of electric displacement
(electric flux density) Dy is:
Df =¢E (3.3)
where, € = € = g, is the absolute permittivity (or permittivity), & is the relative
permittivity, &, = (1/36m) x 10 F/m is the free space permittivity and E is the electric
field. Permittivity describes the interaction of a material with an electric field, E and is a
complex quantity.

K =¢/le=6=8& -j&’ (3.4)

Dielectric constant (k) is equivalent to relative permittivity (g;) or the absolute
permittivity (¢) relative to the permittivity of free space (&,). The real part of permittivity

(/) is a measure of how much energy from an external electric field is stored in a
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material. The imaginary part of permittivity (e,'") is called the loss factor and is a measure
of how dissipative or lossy a material is to an external electric field. The imaginary part
of permittivity (g,"’) is always greater than zero and is usually much smaller than (g).
The loss factor includes the effects of both dielectric loss and conductivity. When
complex permittivity is drawn as a simple vector diagram (Fig. 3.7), the real and
imaginary components are 90° out of phase. The vector sum forms an angle & with the
real axis (&). The relative “lossiness” of a material is the ratio of the energy lost to the

energy stored.
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Fig. 3.7: 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 Q is quality factor.
The loss tangent tand is tangent loss or dissipation factor. Sometimes the term “quality
factor or Q-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 = 9, the loss tangent

can be expressed in angle units, milliradians or microradians.
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A material may have several dielectric mechanisms or polarization effects that contribute
to its overall permittivity (Fig. 3.8). A dielectric material has an arrangement 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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Fig. 3.8: Frequency response of dielectric mechanisms

At the microscopic level, several dielectric mechanisms can contribute to dielectric
behavior. Dipole orientation and ionic conduction interact strongly at microwave
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 mechanisms are relatively weak and
usually constant over the microwave region. Each dielectric 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 (g'') will

correspondingly peak at each critical frequency. The magnitude and cutoff frequency of
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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 mechanisms and its permittivity is remarkably constant
well into the millimeter-wave region. A resonant effect is usually associated with
electronic or atomic polarization. A relaxation effect is usually associated with
orientation polarization.

For dielectric measurements, disc-shaped pellets were polished using emery
paper. The pellets are then boiled in acetone and ultrasonically agitated for 5 minutes for
a number of times. On these cleaned pellets, gold (200 nm) was sputtered on both sides in
argon atmosphere to form a capacitor. The samples were, then, heated for 2 hours at 300
°C at a heating rate of 2 °C/min. The electrodes were made using copper wire and silver
paste on these pellets. Dielectric measurements were carried out on such samples with a

Precision Impedance Analyser (Agilent 4294 A).

Frequency Analysis:

The frequency domain measurements of the samples were carried out using the
Precision Impedance Analyser (Agilent 4294 A). The instrument is interfaced to a
computer for precise data acquisition. Frequency analysis was carried out in the range of
100 Hz - 1 MHz. The interference of the parasitic capacitance from the wire probe
stations etc. were nullified using the calibration process. The sample in the form of a
capacitor was connected in parallel with the impedance network inbuilt in the impedance
analyzer and the variation in the effective impedance of the network was measured.

Various other electrical parameters such as impedance, conductance, capacitance and
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tand etc. were also measured. The interface software Test point used for data acquisition
is programmed in such a way that various measurement parameters like the amplitude of

the applied signal, frequency range, background DC field etc. can be varied.

3.3.2 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 [7].

The ferroelectric measurements of this thesis work have been carried out using
Radiant Technologies Precision Workstation instrument. In this measurement, a voltage
waveform 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 o Q CV Integrator Volts x Sense Capacitor

cm?  Area  Area Sample Area 3-5)
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 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.
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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.

3.3.3 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
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 [8]. The voltage V measured
across the sensing coils in a VSM can be expressed as the product of four contributing

Sources:

135



V=MxAxFxS (3.6)
where,

M = magnetic moment of the sample,

A = amplitude of vibration,

F = frequency of vibration and

S = sensitivity function of the sensing coils.
The magnetic measurements of this thesis work were carried out using a vibrating sample
magnetometer in a Physical Property Measurement System (PPMS) of Quantum Design,
USA. For the magnetic measurements in the PPMS, the samples are fixed to a quartz
sample holder using low magnetic Brown Tape. The temperature dependence of the zero-
field-cooled (ZFC) and field-cooled (FC) magnetization was measured in different
applied magnetic fields. Hysteresis loops were recorded at different temperatures in the
low temperature phases of the system. In the temperature dependent ZFC magnetization,
the sample was cooled to lowest temperature in the absence of field, then the field was
applied at the lowest temperature and the data were recorded on re-heating the sample. In
the FC measurements, the sample was cooled in the applied field to lowest temperature

and the data were recorded on re-heating the sample, keeping the field applied.

3.3.4 Magneto-dielectric Measurements

Magneto-dielectric measurements were carried out using a cryo-cooled closed
cycle superconducting magnet capable of attaining a maximum field of 14 Tesla. The
magnet consists of a single coil made from reacted multifilamentary Nb3;Sn wound on a

stainless steel former and cast in epoxy resin to eliminate wire movement during
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energisation. The coil is supplied with a superconducting persistent mode switch to
connect in parallel across the whole magnet and wired to the main input/output current
terminals. Resistive heaters wound into the the switch enable the switch to be either
resistive or superconducting. The leads are of 2223 bismuth strontium calcium cuprate
high temperature superconductor (Bi>Sr,Ca;Cu30,9). The magnet can achieve a field up
to 14 Tesla and consists of a room-temperature bore of 52 mm to carry out magneto-
dielectric and other measurements from 20 to 350 K. Also, there is an optical window to

carry out measurements under illumination with appropriate radiation.

In order to investigate the magnetoelectric coupling in these materials their
dielectric responses were measured under different magnetic fields in the temperature
range of 50 K — 300 K. The samples were mounted in a custom made sample holder. For
the magneto-dielectric measurements the shielded two terminal cable configuration is
used to connect the sample holder to HP 4294A Impedance analyzer. The sample holder
is inserted in a 14 T cryo-cooled refrigeration system. In the present case the experiments
were performed with a maximum magnetic field strength of 3.3 T. During the
experiments the samples were cooled to 50 K and the dielectric properties were measured
while warming up the samples with a rate of 1 °C per minute. At every temperature the
samples were stabilized before recording the dielectric response in order to avoid any
experimental artifact. Similarly, the dielectric responses were measured at several time
intervals before and after applying the magnetic field to ensure that the observed response
is originated from the application of the magnetic field and not from any possible

temperature fluctuation that might be associated with increasing the magnetic field.
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3.3.5 Heat Capacity measurement

Heat capacity (Cp) is the measure of heat energy required to increase the
temperature of an object by 1 °C [8]. It 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 measurements 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,

C, = (dQ/dT), (3.7)

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 monitoring
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.

Connecting Wires Apiezon Grease
Sample

Thermal Bath Platform Thermal Bath

(Puck Frame) L] [— {(Puck Frame)

Thermometer Heater

Fig. 3.9: Thermal connections to sample and sample platform in the heat capacity measurement
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In the heat capacity measurement puck, a platform heater and platform
thermometer are attached to the bottom side of the sample platform (Fig. 3.9). Small
wires provide the electrical connection to the platform heater and platform thermometer
and also provide the thermal connection and structural support for the 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 vacuum 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 reproducible 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 [9] 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 followed 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 between the platform and the sample itself [10]. 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 can report the correct heat capacity values despite such poor contact.
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3.3.6 Non-linear optical experiments

Nonlinear optics describes the behavior of light in nonlinear media, that is, media
in which the dielectric polarization P responds nonlinearly to the electric field E of the
light. This nonlinearity is typically only observed at very high light intensities such as
those provided by pulsed lasers. Second harmonic generation (SHG); also called
frequency doubling is a nonlinear optical process, in which photons interacting with a
nonlinear material are effectively combined to form new photons with twice the energy,
and therefore twice the frequency and half the wavelength of the initial photons. Second
harmonic generation occurs in two types. In one type, two photons having ordinary
polarization while in the other orthogonal polarizations with respect to the crystal will
combine to form one photon with double the frequency and extraordinary polarization.

For a given crystal orientation, only one of these types of SHG occurs.

A number of nonlinear optical phenomena can be described as frequency-mixing
processes. If the induced dipole moments of the material respond instantaneously to an
applied electric field, the dielectric polarization (dipole moment per unit volume) P(t) at

time t in a medium can be written as a power series in the electrical field:

PHacyVEM+y?E M) +yPE () +... (3.8)

Here, the coefficients ¥ ™ are the n™ order susceptibilities of the medium. For any
three-wave mixing process, the second-order term is crucial; it is only nonzero in media

that have no inversion symmetry.
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We have measured second order nonlinear optical intensity relative to quartz
(Kurtz powder test) by employing a pulsed Q-switched Nd:YAG laser at a wavelength of
1064 nm. The pulse width of the laser is 8 ns and the repetition rate was 10 Hz. The
backward scattered SHG light was collected using a spherical concave mirror and passed

through a Czerny-Turner monochromator which transmits only 532 nm radiation.

3.3.7 Raman spectroscopy

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.

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
illuminated spot is collected with a lens and sent through a monochromator. Wavelengths

close to the laser line, due to elastic Rayleigh scattering, are filtered out while the rest of
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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 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.

3.3.8 Differential Thermal Analysis

Differential Thermal Analysis is a technique in which the temperature of a sample
is compared with that of an inert reference material (Al,Os in our measurements) during a
programmed change of temperature [1]. The temperature of sample and reference should
be the same until some thermal event, such as melting, decomposition or change in
crystal structure occurs in the sample, in which case, the sample temperature either lags
behind (if the change is endothermic) or leads (if the change is exothermic) the reference
temperature. Polymorphic phase transitions may be studied easily and accurately by
DTA. Since many physical or chemical properties of a particular sample may be modified
or changed completely as a consequence of a phase transition, their study is extremely

important. For example, it may be desired to prevent a transition from occurring in a
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particular material or to modify the temperature at which the transition occurs. Instead of
designing or looking for completely new materials it is often better to modify the
properties of existing materials by the formation of solid solutions with certain additives.
Phase transition temperatures often vary greatly with solid solution composition and
hence DTA may provide a sensitive monitor of both the property and the composition of

the material.

Examples are:

(a) Ferroelectric BaTiO; has a Curie temperature of ~ 120 °C which may be
determined by DTA; substitution of other ions for Ba®" or Ti*" causes the Curie
temperature to vary.

(b) In refractories, transitions such as a<>f quartz or quartz <> crystobalite have a
deleterious effect on silica refractories because volume changes associated with each
transition reduce the mechanical strength of the refractory. These transitions, which

should be prevented from occurring if possible, may be monitored by DTA.
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4. RESULTS AND DISCUSSION

4.1 Studies of multiferroic nature of the manganites of YMnO;
family

Summary*

Measurements of magnetic and dielectric properties of single crystalline ErMnQO;
establish the Néel and ferroelectric transition temperatures to be 77 K and 588 K
respectively. The dielectric constant of ErMnO; shows an anomalous jump at Tn. At
higher temperatures, the dielectric constant undergoes a significant decrease on
application of magnetic fields. The study clearly exhibits multiferroic and
magnetoelectric nature of ErMnOs. Similarly, magnetic and dielectric measurements on
LuMnOj confirm its multiferroic nature. Raman Spectra of LuMnOs have been recorded
in the 77 K - 800 K range covering both the antiferromagnetic transition at 90 K and the
ferroelectric-paraelectric transition at 750 K. The changes in the phonon modes
frequencies and band-widths indicate the presence of phonon-spin coupling in the
antiferromagnetically ordered phase. The ferroelectric-paraelectric transition is
accompanied by the broadening and disappearance of many of the phonon modes. Some

of the phonon modes also show anomalies at the ferroelectric transition.

* Papers based on this study have appeared in Materials Research Bulletin (2009), Solid State

Sciences (2009)
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4.1.1 Single crystal studies of ErMnO;

In order to determine the growth axis of the single crystals of ErMnQOs, crystals
were cut on both sides perpendicular to the length. The XRD pattern showed the (3 1 6)
plane to be perpendicular to the growth direction (Fig. 4.1). The growth axis is [3 2 1]
which subtends an angle of 52.32° with the c-axis. The parallel cut corresponds to the

plane perpendicular to (3 1 6) plane, the crystallographic direction being [2 0 -1].

(316)
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Fig. 4.1: XRD pattern of the ErMnO; single crystal

The powder of ErMnOj; crushed from the single crystals gave an XRD pattern
consistent with the P6;cm space group (a = b = 6.1110 A, ¢ = 11.4029 A) [1]. DC

magnetic susceptibility measurements showed only a weak anomaly at the Néel
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temperature. The magnetic susceptibility data indicating AFM transition at 77 K agrees
well with the neutron diffraction, thermal expansion and other measurements reported by
Park et al. [2]. The derivative of the reciprocal of susceptibility clearly shows a peak at 77
K as can be seen from the inset in Fig. 4.2(a). As we do not see a distinct magnetic
transition at the Néel temperature in the susceptibility data, we measured the specific heat

capacity from 2 K to 160 K.
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Fig. 4.2: Temperature variation of (a) reciprocal dc magnetic susceptibility and (b) specific heat of ErtMnO;
showing the antiferromagnetic transition temperature (Ty). Inset in (a) shows a plot of the derivative of

reciprocal of magnetic susceptibility against temperature.
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The data shown in Fig. 4.2(b) show a clear peak at 77 K indicating the onset of
magnetic ordering. Below ~ 4 K, we observe a rise in heat capacity, probably due to the
Er’” moment ordering as reported earlier [3]. The magnetic susceptibility follows the
Curie-Weiss law with a Curie-Weiss temperature (0.y) of 20 K and an effective magnetic
moment, L, of 9.9 ug. This value of L 1S consistent with the theoretical value of 10.7
ug calculated as per = e + pwn’]"?, where pg (9.6 pg) and pyn (4.9 pg) are the
effective magnetic moments of Er’* and Mn®* respectively. The ratio f = 0.,/Tn which is

a measure of geometric frustration [4] is around 10 for YMnO;. It is significantly reduced

in ErMnOQOs.

We have measured the high temperature dielectric properties of ErMnO; along
both the [3 2 1] and [2 O -1] directions of the crystal. The dielectric constant was recorded
at various temperatures over a frequency of 100 Hz — 1 MHz range. In Fig. 4.3, the
dielectric constant is plotted as a function of temperature at different frequencies. The
curves are characterized by a maximum for each frequency, the maximum being broader
for crystals along the [2 0 -1] direction compared to the [3 2 1] direction. The maximum
values of the dielectric constant observed at 100 kHz along the [2 0 -1] and [3 2 1]
directions are 157 and 312 respectively. The temperature corresponding to the maximum
of the dielectric constant, Tmax, shifts towards higher temperature with increase in
frequency. In order to obtain the frequency-independent ferroelectric transition
temperature (Trg) below which frequency dispersion is appreciable [5], we have used the

Curie — Weiss plots wherein the reciprocal of dielectric constant is plotted against
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temperature. From these plots, we derive a Trg of 590 K and 586 K for ErMnOj; along the

[20-1]and [3 2 1] directions respectively.
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Fig. 4.3: Temperature dependence of the dielectric constant of ErMnOjs over the 100 Hz — 1 MHz range
along (a) [2 0 -1] and (b) [3 2 1] directions of the crystal showing the ferroelectric transition.

In order to confirm the ferroelectric nature of ErMnQOs, we carried out P ~ E
hysteresis measurements for both the crystal orientations at different voltages. We obtain
hysteresis loops (Fig. 4.4) which do not exhibit saturation of polarization, indicating
ErMnOs; to be a leaky ferroelectric material [6]. Along the [2 0 -1] direction, the remnant
polarization and coercive field are around 0.38 puC/cm” and 12 kV/cm respectively at a

frequency of 5 kHz at room temperature, corresponding to an applied voltage of 1600 V.
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Fig. 4.4: Room temperature ferroelectric hysteresis loops (P ~ E plots) along the [2 0 -1] direction

at 5 kHz for various voltages.

We have investigated the dependence of the dielectric constant of ErMnOj at low
temperatures with and without the application of magnetic fields. Figures 4.5 (a) and (b)
show the plots of dielectric constant at 200 kHz for crystals along the [2 0 -1] and
[3 2 1] directions. In both the cases, there is a notable increase in the dielectric constant
with the increase in temperature. Beyond ~ 250 K, the increase is significantly more rapid
in the [2 0 -1] direction. The value of the dielectric constant at 310 K is 25 and 34
respectively for crystals along [2 0 -1] and [3 2 1] directions. The most remarkable
feature of the measurements in Fig. 4.5 is the anomaly at the Néel temperature (77 K)
which establishes the presence of coupling between magnetic and ferroelectric order
parameters. In order to illustrate the occurrence of the dielectric anomaly at Ty more
prominently, we have plotted the derivative of the dielectric constant against temperature

along the [2 0 -1] direction in the inset of Fig. 4.5(a). There are reports in the literature
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wherein such an anomaly in the dielectric constant is observed at the magnetic transition

in other members of the LnMnOs family [7-10].
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Fig. 4.5: Temperature variation of the dielectric constant at 200 kHz (T < 300 K) along the (a) [2 0 -1] and
(b) [3 2 1] directions of the ErMnOs crystal with and without the application of magnetic fields (1 T, 3 T).
The inset in (a) shows the differential plot of the dielectric constant along the [2 0 -1] direction showing an

anomaly at the Néel temperature.

The coupling between the ferroelectric and antiferromagnetic domain walls can be
interpreted as a local magnetoelectric effect and is explained microscopically as a
piezomagnetic interaction between the domain walls [11]. Hexagonal manganites like
ErMnOj; undergo an isostructural transition at Ty without breaking the P6;cm symmetry,
simultaneously producing giant displacements of every atom in the unit cell [12]. The

large magnetoelastic coupling is the origin of the multiferroic phenomenon in ErMnOj3.
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The magnetoelectric effect in ErMnOj; is also evidenced by the effect of magnetic fields
on the dielectric constant at high temperatures. We see from Fig. 4.5 that the response to
the application of magnetic field of 1 T is less pronounced in the [2 0 -1] direction as
compared to the [3 2 1] direction. When subjected to a magnetic field of 3 T, it brings

about a dramatic impact in the reduction of the dielectric constant.
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4.1.2 A Raman study on multiferroic LUMnO;

The XRD pattern of the sample confirmed the formation of single-phase LuMnOs
in the hexagonal structure (P6;cm) in agreement with the literature report (a=6.039 A,
c=11.367A) [13]. Fig. 4.6(a) shows the temperature variation of the zero-field-cooled
(ZFC) and the field-cooled (FC) magnetization (at 100 Oe). The material is a canted
antiferromagnet below the Néel temperature of 90 K. Previous reports of magnetic
measurements [14] on single crystals of LuMnO; and thermal conductivity measurements
on a polycrystalline sample [15] are in agreement with the present results. We notice a
divergence between the FC and ZFC data below the 90 K which is characteristic of
frustrated materials [16]. LuMnOs appears to be weakly ferromagnetic below 90 K as
evidenced by the observation of magnetic hysteresis. The values of the remnant
magnetization (M;) and coercive field (H,) are 26 emu/mol and 1080 Oe respectively. In
Fig. 4.6(b), we show the temperature variation of the dielectric constant of LuMnO; at
different frequencies. The value of the dielectric constant increases with temperature.
Interestingly, the values for high frequencies are high, the curves converging near room
temperature. The most notable feature of the dielectric constant plots is the anomaly seen
at the Néel temperature (90 K) providing thereby evidence for coupling between
magnetic and dipole moments. In order to illustrate the occurrence of the dielectric
anomaly at Tn, we have plotted the derivative of the dielectric constant against

temperature in the inset of Fig. 4.6(b).This plot shows a sharp peak at 90 K.

153



H =100 Oe

M (emu/mol)
w

Dielectric Constant (g

0 50 100 150 200 250 300
T (K)

Fig. 4.6: Temperature-variation of (a) the magnetization and (b) the dielectric constant of LuMnOs in the
low-temperature region. Inset in (b) shows the temperature variation of the derivative of the dielectric

constant.
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Fig. 4.7: Temperature-variation of the dielectric constant of LuMnQ; in the 300-800 K region. The inset

shows the Curie-Weiss plot.

We have measured the dielectric constant of LuMnQOj as a function of temperature
at various frequencies. The value of the dielectric constant decreases with increase in
frequency. We also observe a transition around 740 K characterized by a dielectric
constant maximum. We have obtained the ferroelectric transition temperature (Tgg) by
employing the Curie-Weiss plot wherein the reciprocal of dielectric constant in the high
temperature region is plotted against temperature (see inset of Fig. 4.7). The Curie-Weiss
plot yields a frequency-independent Tg of 748 K. Below this temperature, the dielectric
constants show large dispersion, a behavior commonly observed in relaxor ferroelectrics

[17].
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Fig. 4.8: Room temperature ferroelectric hysteresis loops of LuMnO; at 200 Hz for different voltages.

We have examined the ferroelectric hysteresis loop of LuMnO; at room
temperature. In Fig. 4.8, we show the P~E curves at 200 Hz for applied voltages of 500,
1500 and 2400 V. We have not been able to observe saturation in the hysteresis loops due
to the leaky nature of the sample. The leakage current in the sample is found to increase
with voltage. Thus, at applied voltages of 500 V and 2400 V, the values of leakage
current are 3.06x10”7 A and 1.31x10™ A respectively corresponding to a sample area of
0.97 cm”. The values of maximum polarization, remnant polarization (P;) and coercive
field (E.) at 2400 V are found to be 0.189 pC/ecm?, 0.096 uC/cm” and 12.13 kV/ecm

respectively.
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Fig. 4.9: Raman Spectra of LuMnO; at different temperatures.

Hexagonal LuMnOs in its ferroelectric phase (P6scm) contains six formula units
and would have 38 Raman-active phonon modes (9A;+14E;+15E,) The paraelectric
phase with higher symmetry (P6;/mmc) would have only two formula units and five
phonon modes (Ag+E,+3E). The A; and E; modes may show LO-TO phonon splitting
due to the induced dipole moment. In fig. 4.9, we show the Raman spectra of LuMnOs in

the 77-750 K range covering both the magnetic and ferroelectric transition regimes.

157



691 19.5

() (b 690cm™
690 | 18.0/
-1
639 690cm
- 16.5.
jii— 20, 482c¢m’
473 16,
-
S 472 /482cm” 12.
Fus]
= s
&5 471l ] T 8
c 3844 382cm = 4 423cm’”
LL
g 382. 35)
Y 380
28
378.
376. 211
11957 11oem’ 13.54 L 19em”
119.3] 12.0-
119.01 10.5
118.81 9.0
8'0 9'() 1(')() 8‘0 9‘0 100
T(K) T(K)

Fig. 4.10: Temperature- variation of (a) the phonon frequencies and (b) the full-widths at half maxima of
LuMnOs; across the Néel temperature (90 K).
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We areable to observe close to 20 phonon modes in the ferroelectric phase at 77
K and we have indicated the assignments of some of the Raman bands in fig.4.9. Many of
the phonon modes show substantial frequency shifts around 90 K which is the Néel
temperature. These modes include those at 690 (A;), 482 (A;), 382 (E;), 226(A;) and
119(A;) cm™ .We show typical temperature variations of the phonon mode frequencies in
fig. 4.10(a). We clearly see the frequency maxima around 90 K, accompanied by a
decrease in the full width at half-maximum (FWHM) of the bands as shown in fig.
4.10(b). This behavior demonstrates the presence of spin-phonon coupling in the
antiferromagnetically ordered phase. The low-frequency E, and A; modes both show
anomalies at Ty indicating that the displacements of Mn and oxygen in the c-plane as
well as of Lu ions along the c-axis may be involved due to mixing of the phonon modes
or complex spin-phonon coupling.

At the high-temperature ferroelectric-paraelectric transition, the Raman bands
became broader and fewer. There are significant changes in the phonon mode frequencies
in this region as well. Many of them show minima around the ferroelectric transition
temperature (Treg =750 K) as can be seen from fig. 4.11. The transition at 750 K is from
the non-centrosymmetric P6;cm phase to the centrosymmetric P6;/mmc phase. The 682
cm™ (A;) mode transforms to an Ay mode in the paraelectric phase. The change in this
band shown in fig. 4.11 is probably due to such a transformation. The E; and E, modes in
the 300-400 cm™ region transform to the E, ¢ and E», modes in the paraelectric phase. The
A, mode at 109 cm™ related to the displacements of the Lu ions disappears in the
paraelectric phase. These changes in the Raman Spectra are consistent with the

polyhedral tilting mechanism of ferroelectricity in LuMnOs,
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Fig. 4.11: Temperature-variation of the phonon frequencies of LuMnO; across the ferroelectric —
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The Raman spectra of LuMnO; show the expected changes from that of YMnO;
due to mass effect. There is anomalous variation of phonons in YMnO; as well,
especially in the case of the 160 cm™ (A;) phonon [18]. The present study shows a
maximum in phonon frequencies at Ty, whereas in case of YMnOj3, sharp changes in the
phonon frequencies are observed. At Tgg, our data clearly show band softening in the

case of LuMnOs while in YMnOs, only a change in slope is observed.

Conclusions

ErMnOs exhibits a ferroelectric transition temperature of around 588 K. It is
clearly a multiferroic with an antiferromagnetic transition at 77 K (Ty). There is coupling
between the electrical and magnetic order parameters since we observe a dielectric
anomaly at Ty and magnetic field - induced decrease in the dielectric constant above
250 K. Dielectric and magnetic measurements establish the multiferroic nature of
LuMnO;. Variable temperature Raman spectra show marked changes at the Néel
temperature as well as at the ferroelectric-paraelectric transition temperature. The

changes in the spectra throw light on the nature of these phase transitions.
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4.2 Raman evidence for orbiton-mediated multi-phonon

scattering in multiferroic ToMnO;

Summary*

Temperature-dependent Raman spectra of TbMnO; from 5 K to 300 K in the
spectral range of 200 to 1525 cm™ show five first-order Raman allowed modes and two
high frequency modes. The intensity ratio of the high frequency Raman band to the
corresponding first order Raman mode is nearly constant and high (~ 0.6) at all
temperatures, suggesting a orbiton-phonon mixed nature of the high frequency mode.
One of the first order phonon modes shows anomalous softening below Tx (~ 46 K),

suggesting a strong spin-phonon coupling.

i Paper based on this study has appeared in J. Phys.: Condens. Matter (2010)
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Raman evidence for orbiton-mediated multiphonon scattering in

multiferroic TbMnO;

/L

s 5K

Inten(arb.units)

—

—— T T T T T T T 1
300 400 500 600 700 1100 1200 1300 1400 1500
Raman Shift(cm™)

Fig. 4.12: Unpolarised-Raman spectra of TbMnO; measured at 5 K. Thick solid line shows the total fit,

thin solid line show the individual Lorentzian fit.

Fig. 4.12 shows Raman spectrum at 5 K displaying 8 modes labeled as S1 to S8.
The spectra are fitted to a sum of Lorentzian and the frequencies, linewidths and
intensities so obtained are shown in Fig. 4.13 for the first order Raman modes and in Fig.
4.14 for the multiphonon modes S7 and S8. TbMnOj; is orthorhombic (space group
Pbnm), with 24 Raman active modes classified as I'raman = 7Ag + 5B1z + 7By + 5B3,
[19]. The assignment of low frequency modes S1- S5, given in Table 4.1, has been done

following the work of Iliev et. al for TbMnOs [19]. The origin of mode S6 may be similar
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to that of the 640 cm™ mode observed in LaMnOs [20,21], attributed to the disorder-
induced phonon density of states [22,23] or second order Raman scattering [20]. It can
also be a disorder-induced infrared active phonon mode (transverse optic mode at 641

cm™ and longitudinal optic mode at 657 cm™) observed in infrared studies of TbMnO;

[24].
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Fig. 4.13: Temperature dependence of the modes S1, S2, S5 and S6. The solid lines are the fitted curve as

described in text.
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Table 4.1: List of the experimental observed phonons frequencies and fitting parameters of a few phonons,

fitted by equation (2) and (3) as described in text. Units are in cm™.

Assigment Phonon  Frequency
o (5 K) o (0) C ) A

S1(Ap) 384.9 386.1 £0.6 -4.1+£0.8 10.8+2.7 59+28
S2 (Ag) 491.9 4953 +0.3 -8.5+0.5 123+09 104+1.4
S3 (Ap) 514.5
S4 (By,) 5313
S5 ( By ) 616.2 620.8 £ 0.7 -6.2+1.2 109+1.2 14.1+2.1
S6 658.4 668.8+4.9 272 +84 40.6 £3.2 0.09

S7 (Second order) 1157.1
S8 (Overtone) 1327.4
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(A) Temperature dependence of the first order modes

We now discuss the temperature dependence of the modes S1 to S5 and S6. In
general, the temperature dependent behavior of a phonon mode of frequency ‘ @’ is given

as [25].

o(T)= w(0)+ (A a))qh(T) + (A @)ann(T) + (A a))el_ph(T) + (A a))sp_ph(T) (1)

(A @)qn(T) corresponds to the change in phonon frequency due to a change in the lattice
parameters of the unit cell, termed as quasi-harmonic effect. A @,.n(T) gives the intrinsic
anharmonic contributions to the phonon frequency. The effect of renormalization of the
phonon frequency ((A @)e1pn(T)) due to electron-phonon coupling is absent in insulating
TbMnOs. The last term, A @, ,n(T), represents the change in phonon frequency due to
spin-phonon coupling, caused by the modulation of the exchange integral by lattice

(13

vibrations [25]. The change in phonon frequency of mode “ i ” due to the change in
lattice parameters, i.e (A @)qn(T), can be related to the change in volume if we know

Griineisen parameter y; = - (Bo/w;)(0 @,/0P), where By is the bulk modulus and
0 w,/0P is the pressure-derivative of the phonon frequency. For a cubic crystal or

isotropically expanded lattice, the change in phonon frequency due to change in volume
is given as (A @)i(T)q/ @;(0) =- y,(AV(T)/V(0)). The Griineisen parameter calculated
for RMnO; [R = Sm, Nd and Pr] is ~ 2 [26, 27]. The quasi harmonic contribution in
TbMnOj; can be neglected since the fractional change in volume is negligible [28], as has
been done in earlier studies of rare earth manganites RMnO; (R = Gd, Eu, Pr, Nd, Sm,

Tb, Dy, Ho, and Y) [29, 30].
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In a cubic anharmonic process, a phonon of frequency @ ( x=0) decays into two phonons
o (x;) andw,(x2), keeping energy and momentum conserved, i.e.0 =m, +®,, k +k, =

0. Considering the simplest decay channel with @, = @, , the temperature dependence of ®

(T) and the full width at half maximum (I") can be expressed as [31]

o(T) = @(0) + C [142n (0 (0)/2)] )

[(T) =T(0) +A[1+2n (@ (0)/2)] 3)

where n(w) = 1/(exp(hw/xgT) -1) is the Bose—Einstein mean occupation number and C
and A are the self-energy parameters for a given phonon mode. We realize that below
the phase transition temperature Ty, eqs (2) and (3) are not expected to hold good, as is
obvious in the temperature dependence of S5 mode (see Fig. 4.13a). Therefore, we fit the
data between 50 K to 300 K using eqs (2) and (3) and the theoretical curves are
extrapolated below 50 K using the fitted parameters given in Table I (see solid lines in
Fig. 4.13). Similar procedure has been adopted in earlier studies of manganites [29, 30].
We do not observe any significant signature, within the accuracy of our experiments, of
the ferroelectric transition at Tgg (~ 27 K) in the temperature dependence of frequencies
and linewidths. The fit of the data with Klemens model is modest. The fitting parameter
C of mode S6 is very high as compared to the other modes, showing that this mode is
much more anharmonic. The linewidths and frequencies of the modes S3 and S4 show

normal temperature dependence and are not shown here.

An interesting observation is that the intense mode S5 shows anomalous

temperature dependence: the mode shows softening near Tx ~ 46 K. Similar anomalous
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temperature dependence has been observed for a few Raman modes in RMnO; where R =
La [25] and Gd, Pr, Nd, Sm, Dy [29,30], which has been attributed to spin-phonon
coupling [25]. This is understood as follows: if an ion is displaced from its equilibrium

position by “u”, then the crystal potential is given as U = 0.5* (ku?) +25 J5(WS;S; , where
k in the first term represents the force constant and the second term arises from spin
interactions between the Mn®" spins. The phonon frequency is affected by the additional
term (A @)sppn(T) =A1<SiSj>, where 4 = (8%J;;(u)/0 u”) is the spin-phonon coupling
coefficient and <S;S;> is the spin-correlation function. The parameter A can be positive
or negative and can be different for different phonons. Below Ty, the spin correlations
build up and hence the spin-phonon coupling becomes important at lower temperatures.
The renormalization of the mode S5 frequency starts slightly above Ty (~ 46K), which

can arise from spin fluctuations due to quantum and thermal effects [29].

(B) Orbiton-Phonon Coupling

We now discuss the two high energy excitations, S7 at (1156 cm™) and S8 at
(1328 cm™). Fig. 4.14 shows temperature-dependence of the frequency and linewidth of
S8 mode as well as the intensity ratio of S8 and S6 modes (S8/S6) in the temperature
range from 5K to 200K. Above 200K, the mode S8 is too weak to be analyzed
quantitatively as is the case for S7. Mode S7 can be assigned as the second order Raman
mode involving a combination of S2 and S6 or S4 and S5 phonons and S8 as a overtone
of S6 (658 cm™) mode. As the second order Raman scattering involves the phonons over
the entire Brillouin zone, the frequencies of the observed second order phonons are not

necessarily the double of first order phonons at the I'- point ( q = 0,0,0). The intensity
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ratio of S8 to S6 is the most interesting, namely, it is ~ 0.6 at all temperatures. The
intensity ratio of S7 to S5 is ~ 0.1 and S7 to S6 is ~ 0.4 in the temperature range of 5 K to
140 K. This anomalously large intensity ratio even at low temperatures can only be
understood by invoking the mixing of the multiphonon modes with the orbitons [32-34].
Fig. 4.14 also shows temperature dependence of the frequency and the linewidth of the
S8 mode which has yet to be understood quantitatively for the mixed multiphonon-

orbiton mode. We hope our results will motivate further theoretical studies on this aspect.

Conclusions

In summary, we have carried out a detailed temperature dependence of the first
and second order Raman modes in TbMnO;. The intensity ratio of the second-order
phonon (S8) to its first-order counterpart (S6) is unusually high and it remains constant
down to SK. This anomalous temperature dependence of the intensity ratio is attributed to
the mixing of the second-order phonon with the orbitons as theoretically predicted. Four
first-order modes (S1, S2, S3 and S4) show normal behavior with temperature, whereas
the S5 mode behaves anomalously below Ty probably arising from a strong spin-phonon
coupling. We suggest that the present study brings out yet another example of orbiton-

mediated multiphonon Raman scattering in the manganite family.
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4.3 Multiferroic nature of rare-earth chromites

4.3.1 Rare-earth chromites, LnCrO; (Ln = Ho, Er, YD, Lu)
Summary”

We have investigated the magnetic and dielectric properties of heavy rare earth
chromites of the formula LnCrOs with Ln = Ho, Er, Yb, Lu. They have a structure similar
to YCrOs; and belong to the orthorhombic space group Pbnm. The magnetic
characterization of these samples confirm the canted antiferromagnetic (CAFM) behavior
at low temperatures (Tx = 113-140 K). Magnetic ions Ln*" and Cr’* and the interactions
between them is responsible for their magnetic behavior. Frequency and temperature
dependent dielectric constant data show a dielectric anomaly in the temperature range
472-516 K. All the heavy rare earth chromites show the relaxor like transition in the
dielectric data. The origin of ferroelectricity and relaxor like behavior is related to the
local non-centrosymmetric nature of these chromites. As the ionic radius decreases from
HoCrO; to LuCrO; their Neel temperature also decreases while dielectric transition

temperature increases. These rare earth chromites are shown to be multiferroic.

*
Paper based on this study has appeared in Journal of Materials Chemistry (2007)
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Rare-earth chromites, LnCrO; (Ln = Ho, Er, Yb, Lu)

Several rare-earth chromites (LnCrOs;, Ln = La, Nd, Ho, Er, Yb and Lu) were
prepared by solid state reactions and characterized by X-ray diffraction. Fig. 4.15 shows
typical X-ray diffraction patterns of LnCrOs;. They were all found to belong to the
orthorhombic system (Pbnm) as reported in the literature. The lattice parameters and so
the cell volume decrease as we go towards higher atomic number from Ho to Lu. Table

4.2 gives the unit cell parameters of heavy rare earth chromites.
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Fig. 4.15: The X-ray diffraction patterns of LnCrO; (Ln = Ho, Er, Yb and Lu), which belong to

orthorhombic space group Pbnm.

Table 4.2: Unit cell parameters of the heavy rare earth chromites (space group Pbnm)

a(A) b (A) c(A) V (A%

HoCrOs 5.245 5.516  7.538 218.09
ErCrO; 5226 5517  7.522 216.87
YbCrO; 5.195 5.504  7.489 214.14
LuCrO; 5.178 5500  7.480 213.02
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Fig. 4.16: Temperature variation of the magnetization of (a) LaCrO; and (b) LuCrOs under field-cooled
and zero-field-cooled conditions (H = 100 Oe). The inset in (b) shows the field-dependence of
magnetization of LuCrO; at 10 K and 150 K.
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Although these chromites are formally considered to be antiferromagnetic, low-
temperature magnetic measurements show them to be CAFMs just as YCrOs. In Fig.
4.16, we show typical magnetization data of LaCrO; and LuCrOs. They exhibit a non-
linear behavior of the magnetization with respect to the field below Ty as shown in the
inset of Fig. 4.16(b). Detailed magnetic measurements have shown the weak
ferromagnetic moment of the Cr’* spins to be due to Dzyaloshinskii-Moriya (D-M)
interaction in these chromites [35]. These chromites also show magnetic domain effects
below Tx [35]. The exchange coupling between the Cr’" nearest neighbors is
predominantly antiferromagnetic and these ions order magnetically at Neel temperature
(Tx); 113 K for LuCrO; and 287 K for LaCrOs. Below this temperature, they exhibit a
weak ferromagnetic moment. There is some evidence for temperature-independent
constant-canting-angle coupling in LuCrOs. Since the Lu’" jons in LuCrO; are in a
diamagnetic ground state, this compound’s magnetic properties are dominated by the Cr
spin system.

The rare earth orthochromites LnCrOs are paramagnetic at room temperature and
magnetically ordered at low temperatures. They have two kinds of magnetic ions, Ln*"
and Cr’"; so they have three types of magnetic interactions, Cr’-Cr’", Cr’*-Ln*" and
Ln’"-Ln*". Generally each magnetic interaction consists of the isotropic, the
antisymmetric and anisotropic-symmetric superexchange interactions. This inevitably
makes the magnetic properties of LnCrO3; complex. The interaction between Cr’" is the
180 degree superexchange. The isotropic Cr''-Cr’" exchange gives the first Neel
temperature. As the temperature is lowered, the Ln®" moment increases and spin

reorientation occurs. The anisotropic parts of the magnetic interaction between Cr’* and
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Ln’ spins, the antisymmetric and the anisotropic-symmetric exchange interactions,

determine the spin reorientation temperature [36].
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Fig. 4.17: Temperature variation of the magnetization of (a) HoCrO;, (b) ErCrO; and (¢) YbCrO; under
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In HoCrOs and ErCrOs, the antiferromagnetic transition occurs at 140 and 133 K
respectively [Fig. 4.17(a) and (b)]. In these rare earth chromites the Ln** magnetic order
is induced by the Cr*" sublattice [37]. In ErCrOs, the Er** spins are oriented along the ¢
axis by the effective field exerted by the ordered Cr’* spins. Due to the interactions
between Er*" and Cr*” spins, spin reorientation transition (Tsr) occurs at 15 K where the
spin configuration changes from weak ferromagnetic phase to the antiferromagnetic
phase below Tsg [38].

Magnetic data of YbCrO; shown in Fig. 4.17(c) is of special interest because of
magnetization reversal at low temperatures. It shows an antiferromagnetic transition at
Néel temperature 117 K. The magnetic moment of YbCrO; is negative below 17 K,
which reveals that the induced magnetic moment of the Yb>* spins couple antiparallel to
the weak ferromagnetic moment of the cr’ spins [39]. The antisymmetric
(Dzyaloshinskii-Moria) and the anisotropic-symmetric parts of the 3d-4f magnetic
exchange interaction in YbCrOs are enormously stronger than those in other rare earth
orthochromites, and these anisotropic parts of the 3d-4f exchange interaction induce the

cooperative transition of a Cr’” exciton and a Yb®* spin flip [39].

Dielectric measurements show that the heavier rare-earth chromites (LnCrOs;, Ln
= Ho, Er, Yb and Lu) undergo a transition in the temperature range 439-485 K (Tmax)
accompanied by a maximum in the dielectric constant. In Fig. 4.18, we show the
temperature variation of the dielectric constant in the case of LaCrO; and LuCrOs;. We do
not, however, find such a transition in the case of LaCrOs or NdCrO3 as exemplified in

the case of LaCrOs in the Fig. 4.18(a).
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Fig. 4.18: Temperature variation of the dielectric constant and dielectric loss of (a) LaCrO; and (b) LuCrOs

at different frequencies.

Temperature variation of the dielectric constant of HoCrOs3, ErCrOs; and YbCrO;
is similar to that of LuCrO; as can be seen from the Fig. 4.19. We see from figures
4.18(b) and 4.19, that the Ty i1s frequency-dependent. In order to obtain the FE
transition temperature, we employed the Curie-Weiss plot, wherein the reciprocal of
dielectric constant in the high-temperature region (T > Tp.) was plotted against
temperature [5]. The Curie-Weiss plots yielded frequency-independent Tg values which
are in the 472-516 K range for HoCrOs, ErCrOs;, YbCrO; and LuCrOs. The dielectric
constant of the rare earth chromites shows a large dispersion below Tg, but is frequency

independent above Tg, a behavior commonly observed in relaxor ferroelectrics [17].
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Local non-centrosymmitry is the the origin of this relaxor-like behavior. It is noteworthy

that the value of dielectric constant increases as the size of rare-earth ion decreases.
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The maximum value of the low frequency dielectric constant is around 5000 in LaCrO;
and 32000 in LuCrOs. The polarization-electric field hysteresis loops of the heavier rare
earth chromites are similar to those of leaky dielectrics and are comparable to the
hysteresis loop in YCrO; [40]. Just as YCrOs, the heavy rare earth chromites show low

values of the polarization and may, therefore, be considered to be weakly ferroelectric.

Based on the present findings, we can draw the phase diagram as shown in fig.
4.20, to describe the multiferroic properties of the heavy rare-earth chromites. The phase
diagram demarcates three distinct regions: (CAFM, FE); (PM, FE) and (PM, PE), where
PM and PE stand for the paramagnetic and the paraelectric regimes respectively. The Tx
decreases with the decrease in the radius of the rare-earth ion while the Ty increases

slightly with decrease in size.
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Fig. 4.20: Variation of the ferroelectric transition temperature Tg, and magnetic transition temperature, Ty,

in the heavy rare-earth chromites.
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Since the reported structures of the rare-earth chromites belong to the
centrosymmetric orthorhombic system (Pbnm), it would be in order to comment on why
ferroelectric manifests itself. We pointed out that ferroelectric materials could be locally
non-centrosymmetric although they are globally centro-symmetric, as exemplified by
YCrO; [40]. A detailed study of the pair distribution functions of YCrOs; based on
neutron diffraction data indicates that in the short distance range (1-6 A), the data give
the best fit to a non-centrosymmetric P2, space-group in the low-temperature FE phase
[41]. In the high-temperature PE phase, however, the PDF data conform to the
centrosymmetric structure in the same distance range. The PDF data over the entire
distance range of 1-22 A can be fitted reasonably well with the centrosymmetric

structure.

We have employed first-principles calculations to determine the effects of
magnetic ordering and the size of the A- cation on the ferroelectricity of the chromites,
through the cases of LuCrO; which exhibits ferroelectricity and of LaCrOs; which is
paraelectric at all temperatures. Our calculations are based on density functional theory
within a gradient corrected (PWO91) local spin density approximation (LSDA), as
implemented in the PWSCF package [42] with ultrasoft pseudopotentials [43] and plane-
wave basis with energy cut-offs of 25 Ry and 150 Ry in representing Kohn-Sham wave-
functions and electron densities respectively. In all our calculations, we have used
experimental lattice parameters of the crystal unit cell as ferroelectricity is known to be

sensitive to unit cell volume.
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We determined I" point (k=(000)) phonons of LuCrO; and LaCrOj; in the cubic
perovskite structures (see Table 4.3) using the frozen phonon method. While LaCrOs has
no I' point instabilities in the PM form, it exhibits a weak ferroelectric instability upon
ferromagnetic ordering. On the other hand, LuCrO; exhibits strong ferroelectric
instabilities in both PM and FM orderings. We note that a change in magnetic ordering
strongly affects the phonon frequencies, with a substantial softening upon FM ordering
(relative to the PM phase) of the I';s mode which involves only the oxygen
displacements. Since the modes of rotational instabilities belong to the subspace
containing I';s, they are expected to behave similarly. Secondly, the softest polar (I';s)
mode in both the chromites in the PM and FM phases involves A-cation off-centering,
which softens upon FM ordering. In contrast, the hardest I';s mode is hardens further on
FM ordering.

Table 4.3: Calculated phonon frequencies at gamma point A(cm™) (i is imaginary).

LaCrOs LaCrO; LuCrOz; LuCrOs;
(PM) (FM) (PM) (FM)

I'y5 (polar) 538.09 579.28  623.53 715.83
I'is (polar) 338.68 231.75  327.95 224.37
['s5 (nonpolar) 227.94 107.6 106.83 187.71¢
I'is (A off-center)  24.43 58.117 144.84 177.534

Since these chromites exhibit antiferromagnetism, we have
determined the energetics of A-cation off-centering in the G-type antiferromagnetic
ordering (involving two formula units per cell). As shown in Fig. 4.21, while the La
displacement is stable at its high symmetry site, Lu exhibits a double energy well, with a
tendency to be off-centered. It gains about 136 meV per formula unit due to off-centering

by about 0.4 angstrom (comparable to the displacement of Pb in PbTiO;). The frequency
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of the unstable I'js mode corresponding to Lu-offcentering in the AFM ordered state is 64
cm™'. The instabilities at the zone boundary are expected to compete with ferroelectric
instabilities (we find more unstable modes, Rys (CrOg rotational mode) at 339i cm™ and
Ris at 146i cm™” in AFM ordering) and the final ground state possibly involves a

combination of these instabilities.
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Fig. 4.21: Energy as a function of A-cation displacement along (100) direction from their high symmetry
site in the cubic structure with G-type AF ordering.

We have investigated the possibility of broken inversion symmetry in LuCrO;
with respect to the theoretical structure optimized with the Pbnm symmetry. The
theoretical Pbnm structure exhibits less distorted CrOg octahedron and more distorted
LuOg polyhedron in comparison with the experimental structure. We then broke the
inversion symmetry by off-centering Lu atoms along each Cartesian direction by 1 % of

the lattice constant and relaxing the structure with lower symmetry. This results in a
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small gain in energy (of about 1 meV per formula unit) and correspondingly small
polarization (less than 0.35 uC/cmz, computed from the Berry phase formula [44]) upon
breaking the inversion symmetry along each of the three directions. These values are
small and comparable to the magnitudes of computational errors. However, our results
showing (a) the existence of a ferroelectric instability in the cubic structure, (b) its
dependence on magnetic ordering and (c) the small but non-zero values of polarization
support the occurrence of ferroelectricity in LuCrOs. It would appear that local magnetic
ordering can induce local non-centrosymmetry and weak ferroelectric polarization in

these materials.

Conclusions

Heavy rare-earth chromites HoCrOs;, ErCrOs;, YbCrO;, LuCrO; and YCrO;
belong to a new family of multiferroics exhibiting canted antiferromagnetism at low
temperatures. HoCrOs, ErCrO;, YbCrO; and LuCrO; show antiferromagnetic transitions
at 140, 133, 117 and 113 K and ferroelectric transitions at 472, 477, 503 and 516 K
respectively marking the decrease of antiferromagnetic transition temperature (Ty) and
increase of ferroelectric transition temperature (Tg) with the decrease of rare-earth ionic
radius. The members of the rare earth chromites family have three distinct regions:
CAFM and FE at low temperatures, paramagnetic and paraelectric at high temperatures
and paramagnetic and ferroelectric region in between. Further studies are necessary to

fully understand the multiferroic properties of these chromites.
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4.3.2 YCrixMn,O3and LuCry.,Mn,O; solid solutions

Summary®

The effect of Mn substitution on the multiferroic properties of YCrO; and LuCrO;
has been investigated. Solid solutions of the type YCr;xMnyO; and LuCr;MnsO3
(x = 0.0 - 0.3) possess orthorhombic structures with Pnma and Pbnm space groups
respectively. Both the series of materials show canted antiferromagnetic behavior with
the Ty decreasing linearly with increasing x. The x = 0.1 and 0.2 compositions show an
interesting magnetic phenomenon, negative value of magnetization below the
compensation temperature. They also exhibit relaxor ferroelectricity similar to their

parent compounds with the transition temperature decreasing linearly with increase in x.

: Paper based on this study has appeared in Solid State Communications (2008)
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YCri,Mn,Os;and LuCr;.,Mn,O; solid solutions

Y Cr;xMnsO3 and LuCr; xMnsOs (x = 0.0 - 0.3) belong to the space groups Pnma
and Pbnm respectively. Typical X-ray diffraction patterns indicating peak positions and

(hkl) values are shown in Fig. 4.22.

AJAA [x=03
| -2z ~ o o 8
(a) J}\ x=0.2
'c
=]
P’ x=0.1
s
x=0.0
10 1|5 2|0 2|5 3|0 3|5
6 (deg.)
- :A x=0.3
NN S | S R W - e
(b) x=0.2
m
"g b AJU\ N WO Y T A
§
a JA_J A U\ Y NAA N . .
x=0.0
[ Y | SNSRI Y S Sy U
10 1|5 2|0 2|5 3IO

0 (deg.)

Fig. 4.22: The X-ray diffraction patterns of the series (a) YCr;Mn,O;, (b) LuCr;_ Mn,O3 (x =10.0 - 0.3).
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The unit cell parameters of these materials are listed in Table 4.4. The volume of
the unit cell increases with Mn-doping in both the cases. The increase in volume with x is

consistent with the relative ionic sizes.

Table 4.4

Unit cell parameters of Y(Lu)Cr;Mn,O; (x =0.0-0.3)

YCI‘]-XMIIXO3 LuCrl_XMnXOg
( Pnma) ( Pbnm )
X a b c A\ a b c A\
A A A (A A A A (A%
0.0 552 753 524 217.80 517 550 7.48 212.69
0.1 553 752 524 21791 518 551 747 213.21
0.2 554 751 524 218.01 518 553 7.46 213.69
0.3 556 750 524 218.81 519 554 744 213.92

Both YCr;.xMn,O3; and LuCr; \Mn,O3 exhibit transitions to a canted antiferromagnetic
state at lower temperatures as evident from the Fig. 4.23, where magnetization has been
shown for x = 0.0-0.3 measured with an applied field (H) of 100 Oe. The value of Ty
monotonically decreases with x, which can be understood in connection with the
continuous change of a Cr’-O*-Cr’" angle governing the antiferromagnetic interaction
between Cr'". The field cooled (FC) and zero field cooled (ZFC) curves considerably
deviate below Ty because of the irreversibility of the magnetic order. The members of

these series corresponding to x = 0.2 exhibit distinct negative magnetization below a
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temperature called compensation temperatures (Tcomp) Which is 95 K and 78 K for Y- and
Lu- compositions respectively. Considering the fact that the present behavior is similar to
that in GdCrOs [45], La;«\PriCrO; [46], this is plausibly attributed to the antiparallel

coupling of the Y**(Lu*") moments and the canted Cr’" and Mn** moments.
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Fig. 4.23: The field cooled (FC) and zero field cooled (ZFC) magnetizations of (a) YCr;Mn,Os,
(b) LuCr;, Mn,O; for x = 0-0.3 in an applied field of 100 Oe as a function of temperature. The solid
symbols show FC data and open symbols show ZFC data.
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Paramagnetic Curie-Weiss temperatures (0) can be determined by plotting the
reciprocal of susceptibility (1/x) as a function of temperature. In Table 4.5, we list the Tx
and O values of YCr;xMnyO3; and LuCr;Mn4O; for all compositions. Both Ty and 6

decrease linearly with increase in x (Fig. 4.24).
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Fig. 4.24: The linear dependence of (a) Ty and (b) 6 values with the compositions x = 0.0-0.3 for
Y Cr;.,Mn,O5 (shown by solid rectangles) and LuCr; ,Mn,O; (shown by open circles).

We have measured ferromagnetic hysteresis loops at 10 K for all compositions of
YCr;xMn,O3 and LuCr; xMn,O3 (Fig. 4.25). The values of the remnant magnetization
(M;) and coercive field (Hc) data of the two series at 10 K are listed in Table 4.5. For
reasons that are not clear, the x = 0.1 compositions show anomalously low values of M;

and Hc. The highest values of M, are found for the x = 0.3 compositions.
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Fig. 4.25: The magnetic hysteresis loops of (a) YCr;_,Mn,O; and (b) LuCr;,Mn,Os at 10 K.
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Table 4.5

Magnetic properties of Y(Lu)Cr;xMnOs (x = 0.0-0.3)

Y Cr;xMn,O3 LuCr;Mn,O3
X T (0) M; Hc v (0) M; Hc
(K) (K) (emu/mol) (Oe) (K) (K) (emu/mol) (Oe)

(10K) (10K)

(10K) (10K)

0.0 141 360 165 11000
0.1 130 262 24 2350
0.2 118 168 302 16355
0.3 106 77 784 14770

115

105

96

87

274 268 2070

208 31 2550

140 353 13230

81 738 11240

In fig. 4.26 (a)-(d), we have shown the temperature variation of dielectric constant
for YCr;xMn,O3; compositions at different frequencies over 200 Hz-1 MHz range. All of
them exhibit relaxor ferroelectric kind of behavior with the dielectric constant maxima
behaving dependently with frequency, the temperature corresponding to the maximum
value of the dielectric constant, Ty, shifting towards higher temperature with values in
the ranges 453-473 K, 486-494 K, 423-448 K and 378-393 K in the case of
YCrO3, YCrpoMng 103, YCrysMng,03 and Y Cr7Mn 303 respectively. The Curie—Weiss
plots yielded the frequency-independent transition temperature (Tg) as 477 K for YCrOs,
470 K for YCryoMng 103, 455 K for YCrysMng,03 and 418 K for YCrg7Mng305. Thus

the value of Tg was found to be decreasing with increase in x or the manganese

concentration.
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Fig. 4.26 (a): The variation of dielectric constant of YCrOj; with temperature in 200 kHz-1 MHz range
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Fig. 4.26 (b): The temperature variation of dielectric constant of YCryoMng ;05 in 200 kHz-1 MHz range
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Fig. 4.26 (d): The temperature variation of dielectric constant of YCry;Mng;0; in 200 kHz-1 MHz range.
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Similar observations were made on LuCr;(Mn,O3 compositions as shown in Fig. 4.27
(a)-(d) with T values in the ranges 467-482 K, 474-498 K, 459-465 K and 383-398 K

and Tg values 523 K, 511 K, 482 K and 425 K respectively for x =0, 0.1, 0.2 and 0.3.
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Fig. 4.27 (a): The variation of dielectric constant of LuCrO; with temperature in 200 kHz-1 MHz range
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Fig. 4.27 (b): The temperature variation of dielectric constant of LuCryoMng ;05 in 200 kHz-1 MHz range
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Fig. 4.27 (c): The temperature variation of dielectric constant of LuCrygMng,0; in 200 kHz-1 MHz range

150 |
—m— 200 kHz
—e— 300 kHz
120 —A—400kHz
T —v— 500 kHz
’;‘_ 600 kHz
- . —<— 700 kHz
€ 90 i e W 800 kHz
@ ra A ~ @ 900 kHz
e A A —%— 1 MHz
A
c A/ N
8 60 i
/A/
9 A/A
E akk )‘;’,““
2 30 s
9 R RX %
. (d)
0.

! T ! T ! T ! T ! T !
300 335 370 405 440 475
T(K)

Fig. 4.27 (d): The temperature variation of dielectric constant of LuCry;Mng3;0; in 200 kHz-1 MHz range

193



The values of Tg have been plotted in a schematic diagram (Fig. 4.28) to see the

trend in its decrease with increase in x or manganese concentration for both the series.
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Fig. 4.28: The variation of ferroelectric transition temperature in YCr;,Mn,Os (shown by red circles) and

LuCr; Mn,O; (shown by black rectangles) (x = 0.0-0.3) as a function of composition.

Conclusions

In conclusion, the present study of the magnetic and dielectric properties of
YCr;xMn,O3 and LuCr;xMn,O3; (x = 0.0-0.3) show that all the compositions exhibit
canted antiferromagnetism and ferroelectricity with both the transition temperatures
decreasing with x. The x = 0.3 compositions exhibit low Ty values but high values of the
remnant magnetization and coercive field along with the ferroelectric transition in the
more accessible temperature range. Preliminary studies reveal that these solid solutions

do not exhibit magnetocapacitance.
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4.4 Beneficial modification of the properties of multiferroic

BiFeO; by cation substitution

Summary®

The effects of modifying the well-known multiferroic BiFeOs by substituting Fe
by Mn and Bi by La have been investigated. It is shown that both the substitutions have a
favorable effect on the multiferroic properties of BiFeOs. Thus, both BiFe; (Mn,O; and
BijxLasFeO; (x = 0.0-0.3) show increased magnetization accompanied by hysteresis
loops as well as improved dielectric properties. The ferroelectric transition temperature is
lower than that of BiFeOs, but is in a more accessible range. In Bi;«LasFeOs, there is a

change in structure at x = 0.2.

: Paper based on this study has appeared in Solid State Sciences (2007)
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Beneficial modification of the properties of multiferroic

BiFeO; by cation substitution

Fig. 4.29 shows the XRD patterns of BiFe; \MnsOs with x = 0.0 to 0.3. All these
materials belong to the space group R3c with the hexagonal structure (Table 4.6).
Increase in the Mn content leads to a decrease in the unit cell volume with a significant
decrease in both a and ¢ parameters and a decrease in the c/a ratio from 2.486 for x = 0.0

to 2.478 for x = 0.3.
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Fig. 4.29 : XRD patterns of BiFe; . Mn,0O3 (x =0, 0.1, 0.2, 0.3)
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Table 4.6: Lattice Parameters of BiFe; , ,Mn,O3 ( x =0.0- 0.3 ).

X Space Group a=b>b c c/a )Y
A) A) A%)
0.0 R3c 5.578 13.868 2.486 373.727
0.1 R3c 5.575 13.844 2.483 372.668
0.2 R3c 5.573 13.831 2482 371.942
0.3 R3c 5.570 13.801 2.478 370.853

Fig. 4.30 shows the variation of magnetization with temperature (M ~ T) in the
temperature range 5-400 K at an applied magnetic field of 100 Oe for all the
compositions. There is a steep increase in the magnetization at low temperatures with
increase in x showing the feature of a canted antiferromagnet, the highest value being

found for BiFe(sMng 305.
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Fig. 4.30: Field-cooled (FC) magnetization curves at H = 100 Oe for BiFe; ;Mn;O; (x =0 - 0.3).
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We also observe a distinct magnetic hysteresis loop in the case of the x = 0.3
composition with a coercive field (Hc) of 1094 Oe and a remanent magnetization (M;) of
24 emu/mol (Fig. 4.31). BiFe(sMn( 03 also exhibits a hysteresis loop with an H¢ of 686

Oe and an M; of 5 emu/mol. No hysteresis loop was observed with the x = 0.0 and x =

0.1 compositions.
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Fig. 4.31: Variation of magnetization of BiFe;Mn,O; with magnetic field at T = 10 K. The inset

shows the enlarged ferromagnetic hysteresis observed for x = 0.2 and 0.3.

DTA curves of BiFe; MnyO3; compositions are shown in fig. 4.32. The DTA
curve of BiFeO3; shows a prominent peak at 1106 K due to the ferroelectric transition and
an additional anomaly at 1036 K which is not clearly understood. Such additional peaks
have been reported by other workers as well [47]. We see a shift in the DTA peak

position to lower temperatures in BiFe; (Mn,O; with increase in x. Thus, when x = 0.3,
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the DTA peak due to the ferroelectric transition occurs at 933 K. The inset in fig. 4.32
clearly reveals a regular decrease in the ferroelectric transition temperature with the

increase in the Mn content.
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Fig. 4.32: DTA curves showing ferroelectric transitions in BiFe; Mn,Os. The inset shows the linearity of

the ferroelectric transition temperature (Tg) with Mn-content.

Fig. 4.33 shows the variation of the dielectric constant as a function of frequency
in the range 100 Hz to 1 MHz at room temperature for BiFe; \Mn4O;. All the samples
exhibit dielectric dispersion. A notable feature is that with the increase in Mn doping, the
dielectric constant increases to a high value, reaching values above 10000 at 100 Hz for
the x = 0.3 composition. The value of the dielectric constant is high at low frequencies
and decreases with the increase in frequency and is nearly constant at high frequencies.

The dissipation factor, tan o, which is the dielectric loss follows the same trend as the
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dielectric constant over the whole frequency range of 100 Hz-1 MHz. From these results,

we conclude that Mn substitution in the Fe site has beneficial effect with respect to the

dielectric properties.

tan &

Fig. 4.33: Dielectric behavior of Bi(Fe, Mn)O; as a function of frequency (100Hz -1 MHz).

Fig. 4.34 shows the XRD patterns for the samples of the compositions
BijxLayFeOs ( x = 0.1, 0.2, 0.3 ). When x = 0.1, the material has the same hexagonal
structure as BiFeO; with the space group of R3c. However, when x > 0.2, the symmetry

becomes C222 with the orthorhombic structure. The lattice parameters of the various

compositions are given in table 4.7.
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Fig. 4.34: XRD patterns of Bi;_,La,FeO; (x =0.1, 0.2, 0.3)

Table 4.7: Lattice Parameters of Bij \La,FeO; (x=0.1-0.3)

X Space Group a b c
A A A
0.1 R3c 5.581 5.581 13.809
0.2 C222 5.59 5.62 3.91
0.3 C222 5.60 5.61 3.91
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We now focus our attention on the influence of the La substitution in BiFeO;
upon the magnetic properties. In fig. 4.35, the variation of the field-cooled magnetization
for BijxLasFeO; is shown over the 5 - 400 K range at an applied magnetic field of 1000
Oe. There is a marked increase in the magnetization value with the increase in the La
content. The transition temperature due to canted antiferromagnetism is observed at 329

K (Ty) for the x = 0.3 composition.

100 4.
90 4

g | x=0.3
S 80l H = 1000 Oe
S 1
L 10- _
s | x=0.2

0 %ﬂﬂ\\\\\\\\\\\\\\\\HHHHHHHHHH\HHHHHH\HHHHHHH\\HHWWHE‘ X:O-l

! | ! | ! | ! | !
0 100 200 300 400 500
T (K)

Fig. 4.35: FC magnetization plots of Bi;_,La,FeO; at H=1000 Oe.

We observe magnetic hysteresis at room temperature for all the samples with
x > 0.0 whereas we don’t observe hysteresis for x = 0.1 at 10 K (Fig. 4.36). The values
of the coercive field (Hc) at 300 K are 1089 Oe, 7357 Oe and 1102 Oe for x = 0.1, 0.2
and 0.3 respectively. The corresponding values of the remnant magnetization are 5, 62

and 86 emu/mol suggesting increased ferromagnetic interactions with increasing La
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content in Bij4LasFeOs;. But these values don’t undergo substantial changes at low

temperature.
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Fig. 4.36: M vs H plots for Bi;\La,FeO; at (a) 10 K and (b) 300 K respectively.

The ferroelectric transitions in Bij<LasFeO; were examined by DTA
measurements (Fig. 4.37). We observe endothermic peaks due to the ferroelectric
transition at 875 K and 624 K for the x = 0.1 and x = 0.3 compositions respectively. We
have measured P-E curves of Bij;Lag3FeO; at 298 K and obtained the hysteresis loop

shown in the inset of fig. 4.37.
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Fig. 4.38: Dielectric properties of (Bi, La)FeOs in the frequency range 100 Hz-1 MHz.
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The frequency-dependent dielectric behavior of BijLayFeOs is similar to that of
BiFe; xMn,O; with the dielectric constant increasing with the La content, the maximum
value being 14100 at 100 Hz for the x = 0.3 composition (Fig. 4.38). With the increase in
frequency, the dielectric constant registers a decrease and remains almost constant
beyond 10° Hz. The dissipation factor decreases appreciably with frequency over the

whole range of frequency taken i.e. 100 Hz-1 MHz.

Conclusions

The present investigation of BiFe; \MnsOs and Bi;xLayFeO; has revealed that cation
substitutions in the Fe site by Mn and in the Bi site by La have beneficial effects on the
multiferroic properties. We have not been able to obtain satisfactory samples of the
compounds where Bi and Fe are substituted by La and Mn respectively, but even one of
the substitutions seems to be sufficient, improving the properties of BiFeOs for possible

applications.
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4.5 Charge-ordered multiferroic rare-earth ferrites, LnFe,O,

Summary*

We synthesized a series of rare earth ferrites by sealed tube and reducing
atmosphere method. Electronic and magnetic properties of YFe;O4, ErFe;Ou,
LugpsYosFe,O4 and YbFe,O4 have been investigated to establish the magnetodielectric
effect in them. All the rare earth ferrites show a ferrimagnetic transition around 250 K.
They also show a divergence between the zero field cooled and field cooled data
indicating the possible existence of magnetic domains. Frequency and temperature
dependent dielectric constant data show a sudden increase in the dielectric constant near
the magnetic transition temperature. Most of the rare earth ferrites show a magneto-
dielectric effect on the application of magnetic field. YFe,Os shows a positive
magnetocapacitive effect while LugsYosFe,O4 shows a weak negative magnetocapacitive
effect around the magnetic transition temperature. ErFe,O, shows negative
magnetocapacitive effect at T < Ty and a positive magnetocapacitive effect above Tx.
The dielectric dispersion of LnFe,O4 can be understood qualitatively on the basis of the
charge frustration of the iron ions in the two-dimensional triangular lattice, where the
electrons hop between Fe’" and Fe’* ions. The origin of ferroelectricity is basically

related to the charge-ordering transition arising from strong electron correlation.

i Paper based on this study has appeared in J. Appl. Phys. (2008)
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Charge-ordered multiferroic rare-earth ferrites, LnFe,O,

Polycrystalline samples of rare earth ferrites LnFe,O4 (Ln =Y, Er, LupsYos and
Yb) were prepared by sealed tube and reducing atmosphere method discussed earlier in
experimental section. They were found to be in a single phase with the rhombohedral

R-3m structure. The lattice parameters of these rare earth ferrites are given in table 4.8.

Table 4.8: Unit cell parameters of the rare earth ferrites (space group R-3m)

a=b(A) ¢ (A)

YFe,Oy4 3.524 24.787
ErFe,04 3.491 24.924
Lu0_5Y0_5F6204 3.468 25.132
YbFe,O4 3.473 25.201

The FC and ZFC magnetic measurements were carried out at 100 Oe magnetic
field in the temperature range 5-300 K. Magnetization data of YFe;O4, ErFe;Ou,
LugsYosFe,04and YbFe,O4 as a function of temperature is shown in fig. 4.39 (a), (b), (c)
and (d) respectively. The magnetic behaviors of YFe;O4 and LugsYosFe,O4 are similar
while ErFe;O4 and YbFe,O4 behave in a similar way with a rise in the magnetization at
low temperature which may be attributed to the ordering of f-electrons. We observe the
occurrence of ferrimagnetic transition around 240 K for YFe,O4 which slightly increases

with the decrease in the size of the A-site ions for other members. As the Fe ions have an
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average valence of 2.5+, an equal amount of the Fe*" and Fe’" ions coexist on the same
lattice. Strong magnetic interactions between the localized Fe moments give rise to
ferrimagnetic ordering below Neel temperatures [48]. The discrepancy between the FC

and ZFC curves suggest the existence of short-ranged magnetic clusters [49].
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Fig 4.39: Temperature dependence of magnetization for (a) YFe,Oy, (b) ErFe,04 (¢) LugsYsFe;O4and (d)
YbFe,0,4 at 100 Oe. The black squares denote FC and red circles denote ZFC data.
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We measured the capacitance and dielectric loss from 100 Hz to 1 MHz in the

temperature range 50-300 K with 5 K interval between each two measurements.

Frequency and the temperature dependent dielectric constant data of YFe,O4 are shown

in fig. 4.40(a) for a few selected frequencies. Figure 4.40(b) shows the dielectric loss with

respect to temperature for the same set of frequencies.
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Fig. 4.40: (a) Dielectric constant (g;) and (b) Dielectric loss (D) plotted against the temperature for YFe,O4

at different frequencies.
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We observed a marked increase in the dielectric constant near the magnetic
transition temperature. Since the unit cell of electric polarization and ferromagnetic
polarization is same, a strong correlation exists between the spin and the charge orderings
of the Fe ions [50]. So, we would expect the dielectric properties to change at the
magnetic transition. To investigate the magneto-dielectric behavior, we measured the
dielectric properties at 0, 1 T and 2 T magnetic fields. Figure 4.41 demonstrates the

magnetocapacitance behavior of the YFe,O4 in a heating cycle.
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Fig. 4.41: Dielectric constant (g,) versus temperature of YFe,O4 measured at 0, 1 and 2 T for the frequency

1 kHz. The inset shows the the data for 100 kHz.

From the fig. 4.41, it is clear that YFe,O4 shows a positive magnetocapacitive
effect above the magnetic transition temperature. It is noteworthy that the measurement at
2 T does not show any significant change from that of 1 T indicating the saturation of

magneto-dielectric effect. Although the observed large change in the dielectric
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permittivity can be correlated with a nonzero value of the magnetoelectric susceptibility,
it is an indirect indication of the magnetoelectric coupling under a static magnetic field
condition. The static charge structure in YFe,O4 can be affected by the application of an
external magnetic field in the non-magnetic phase as in the case of LuFe;O4. The room-
temperature magnetoelectric effect in this multiferroic system is a direct result of the field

affecting the static charge order [51].
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Fig. 4.42: (a) Dielectric constant (g;) and (b) Dielectric loss (D) plotted against the temperature for

Luy5YsFe 0,4 at different frequencies.
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Data of dielectric constant for LugsYosFe,O4is shown in figure 4.42(a) while that
of dielectric loss is shown in figure 4.42(b). The dielectric dispersion of LugsY ¢ sFe,O4 is
similar to that of parent compounds LuFe,O; and YFe,O4. Fig. 4.43 shows the
magnetocapacitive effect in LugsYosFe,O4. This particular compound shows weak
negative magneto-dielectric behavior. This may be because of the fact that LuFe;O4
shows a significant negative magnetocapacitive effect while YFe,O4 shows positive one.

Thus the behavior of Lug 5Y( sFe,O4 falls in between the two extreme compositions.
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Fig. 4.43: Dielectric constant (g,) versus temperature of LugysYsFe,O, measured at 0 and 2 T for 1 kHz.

The inset shows the the data for 100 kHz.

Figures 4.44 (a) and (b) show the temperature variation of the dielectric constant
and dielectric loss at different frequencies for YbFe,;O4. In the case of YbFe,O4, we did

not observe appreciable magnetocapacitance.
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YbFe,0, at different frequencies.

Fig. 4.45 shows the temperature variation of the dielectric constant and dielectric
loss at different frequencies for ErFe,O4. A large dielectric relaxation, of the order of 104,
is observed in the magnetically ordered state in ErFe,O4. We observe a definitive
dielectric constant maximum near the magnetic transition temperature (Ty) in the case of
ErFe,;0y4, as can be seen in fig. 4.45 (a). The very high dielectric constant of this ferrite at
Tx is noteworthy. In the case of ErFe,;Os, the position of the dielectric maximum at Ty
shifts to higher temperatures on the application of magnetic fields, as shown in fig. 4.46.
Accordingly, ErFe,O4 shows negative magnetocapacitive effect at T < Ty and a positive

magnetocapacitive effect above Tx.

T T T T
150 200 250 300

T (K)

T
100

213




20 ] @) A
7 q A
—~ z /
w 191 —e— 10 kHz J &
' 1 —<—30 kHz / \
2 10+ 100 kHz .
] 300 kHz
R —*—1MHz
4 ¢W‘ ‘0.‘
0 _ A
T T T T T T T T T T T
50 100 150 200 250 300
T (K)
50+
&) ]
> 401 (b) —m— 1KHz
7 1 @ 3kHz
S 307 —A— 10 kHz
Q) 30 kHz
= i —<— 100 kHz
2 10l ~ > 300 kHz
© 1 MHz
(@] [ O 0 O 00 N0 0070 Q0 0 O 0 oo

50 100 150 200 250 300
T (K)

Fig. 4.45: (a) Dielectric constant (g,) and (b) Dielectric loss (D) plotted against the temperature for ErFe,Oy4

at different frequencies.
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The inset shows the data for 100 kHz.
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We observe a sudden increase in dielectric constant near the magnetic transition
temperature in all the ferrites. However, the difference in dielectric behavior of the
ferrites with different rare earth ions may be attributed to the change in the ionic size and
related polyhedral distortions. Electron hopping expected between Fe*" and Fe®' ions
within the layer leads to high electrical conductivity. So it is not possible to carry out the
direct measurement of electric polarization by P-E hysteresis loop. The superstructure
formed by the Fe*" and Fe’* ions supports electric polarization since the centers of Fe*"
and Fe’" ions do not coincide [52-54]. The dielectric dispersion of LnFe,O4 can be
understood qualitatively on the basis of the charge frustration of the iron ions in the two-
dimensional triangular lattice, where the electrons hop between Fe*" and Fe’* ions [55-
57] and the origin of ferroelectricity is basically related to the charge-ordering transition
arising from strong electron correlation [57,58], even without a pairing of anion and
cation which is the case of usual off-centering ferroelectrics. Thus, rare earth ferrites
belong to “electronic ferroelectrics™ that originate from electron correlations rather than
from the covalency between anions and cations. The polarization of the ordered electrons

is originated from the competitive coulomb interactions between charges [55].

Conclusions

In conclusion, we have been able to demonstrate that several members of the rare
earth ferrite family are magneto-dielectric because of the presence of cation charge-
ordering. All the rare earth ferrites, YFe,O4, ErFe,Ou4, LugsYosFe,04 and YbFe,O4 show
a ferrimagnetic transition around 250 K. Frequency and temperature dependent dielectric

constant data show a sudden increase in the dielectric constant near the magnetic
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transition temperature. YFe,O4 shows a positive magnetocapacitive effect while
LupsYosFe,O4 shows a weak negative magnetocapacitive effect around the magnetic
transition temperature. ErFe,O4 shows negative magnetocapacitive effect at T < Ty and a
positive magnetocapacitive effect above Ty whereas YbFe,Os4 does not exhibit
magnetocapacitance. The coupling between the electric and magnetic order parameters in
the rare earth ferrites can be exploited technologically in memory devices, recording and

other applications.
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4.6 Charge-ordered manganites

4.6.1 Lny,AMnO; (Ln = Rare earth, A = Alkaline earth)

Summary*

We have investigated the magnetic properties, dielectric properties and magneto-
dielectric properties of charge-ordered rare earth Manganites NdysCagsMnOs,
ProsCagsMnOs, Y06CapgsMnOs, Yo5CapsMnOs and Ygs5CagssMnOs; which have
comparable radii of the A-site cations. These rare earth manganites show
antiferromagnetic transition in the 130-170 K region and exhibit charge-ordering in the
220-240 K region. They are all found to exhibit dielectric constant anomalies around the
charge-ordering or the antiferromagnetic transition temperatures. Magnetic fields have a
marked effect on the dielectric properties, indicating the presence of coupling between
the magnetic and electrical order parameters. The observation of magnetoferroelectricity
in these manganites is in accord with the recent theoretical predictions of Khomskii and

co-workers predicted for rare earth manganites of the formula Ln;.xAxyMnO; [59].

i Paper based on this study has appeared in Solid State Communications (2009), AIP
Proceedings (2008)
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Ln; xA«MnO; (Ln = Rare earth, A = Alkaline earth)

The X-ray diffraction patterns of rare earth manganites showed that all the
compounds are found to be in single phase belonging to orthorhombic space group Pbnm.

The A-site cationic radius, variance and lattice parameters are shown below in table 4.9.

Table 4.9: Structural details of Ln;.,Ca,MnOs (Ln = Nd, Gd, Y)

Lattice parameters (A)

Compounds <rp> 6’
(A) (x107A%) a b c

NdosCapsMnO;  1.1715 0.072 5.378 5.399  7.590
GdosCapsMnOs  1.1435 1.332 5.433 5.437  7.489
Y.5CapsMnOs3 1.1275 2.756 5.304 5466  7.435
Yo055Cap4sMnO;  1.1223 2.725 5.301 5492  7.436
Y0.6Cap4MnO3 1.117 2.646 5.299 5.53 7.436
Pro.6Cap4sMnO3 1.1794  0.566 5.435 5446  7.606

We have measured the magnetic properties of rare earth manganites from 5 K to
300 K in different magnetic fields. Ndy sCagsMnO; exhibits a charge-ordered transition at
240 K (Tco), an anti-ferromagnetic transition at 140 K (Ty) and another transition to a
canted antiferromagnetic state around 50 K as evident at a magnetic field of 100 Oe [60].
The antiferromagnetic transition around 140 K, seen as a shoulder at low magnetic fields,
cannot be easily discerned at higher fields [Fig. 4.47]. The transition around 50 K is also
wiped out at high fields, the difference between the zero-field-cooled and field-cooled

data becoming negligible.
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Fig. 4.47: Effect of magnetic fields on the magnetization behavior of Nd, sCaysMnOs at (a) 100 Oe (0.01
T) and (b) 0.01 T, 0.1 T, 1 T and 4 T. The black squares indicate field cooled (FC) and red circles indicate
zero field cooled (ZFC) data.

The frequency and the temperature dependent dielectric constant data of
NdysCapsMnOs are shown in fig. 4.48. The dielectric constant of NdjsCagsMnO;
increases substantially in the region of T¢o and Ty showing a broad maximum, reaching a
value of 500 or above. To investigate the magneto-dielectric properties we measured the

dielectric constant in the presence of magnetic field. Application of a magnetic field of
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3.3 T has a significant effect on the dielectric constant as seen from fig. 4.49.
Ndy.sCapsMnOs shows a colossal magneto-dielectric effect below Ty. This demonstrates
that there is coupling between the electrical and magnetic order parameters in

Ndo_5Ca0_5MnO3.
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Fig 4.48: Temperature variation of dielectric constant (g;) of Ndy sCaosMnQO; at different frequencies.
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Fig. 4.49: Temperature variation of the dielectric constant (1M Hz) of Nd, sCagsMnOj in the absence and
presence of a magnetic field (H = 3.3 T). The inset shows data at 30k Hz.
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The case of ProcCapsMnOs; is of special interest because of the presence bond-
centered charge ordering (BCO). This manganite exhibits a Tco of 240 K and Ty of 170
K [61]. There is an additional magnetic transition around 40 K [Fig. 4.50(a)]. From the
fig. 4.50(b) it is clear that with increasing field, the low-temperature transition is affected
significantly, the material bearing exhibitory greater ferromagnetic interactions. The
dielectric constant of Pry¢Cag4sMnO; shows a broad maximum around Ty and the value is
also high (Fig. 4.51). Application of a magnetic field of 2 T markedly affects the

dielectric properties as shown in figure 4.51.
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Fig. 4.50: Effect of magnetic fields on the magnetization behavior of Pry¢Cay4MnOs (a) at 100 Oe (0.01 T)

and (b) for 0.01 T, 0.1 T, 1 T and 4 T. The black squares indicate field cooled (FC) and red circles indicate
zero field cooled (ZFC) data.
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Fig. 4.51: Temperature variation of the dielectric constant (1M Hz) of Pry sCag4MnOs in the absence and

presence of a magnetic field (H =2 T). The inset shows data at 30k Hz.

The sign of the magnetocapacitive effect changes with temperature, being
negative near Ty and positive near Tco. We observe a crossing of the dielectric constant
curves around a temperature between Tco and Tn. The magnetoelectric behavior of this
manganite is somewhat different from that of the Ndy sCagsMnQOs. The results, however,
demonstrate the presence of magnetoelectricity in all the charge-ordered manganites

studied by us as predicted by Khomskii and coworkers [59].

Gdy 5CapsMnOs, with a slightly larger <ra> than Y sCapsMnQO; exhibits a Tco of
290 K [62], Ty of 120 K (Fig. 4.52). It shows a ferromagnetic hysteresis loop at low

temperature (~5 K) with M; and Hc¢ values of 17.6 emu/mol and 44 Oe respectively.

222



60

40
50 % 30
@
1 S
g ] 7.7ZFC F“x 10
S 30+ .
g 400 0 100 200 300 400
< 20 T
=
10. H = 100 Oe
0 T T T T T T T T
0 100 200 300 400

T (K)

Fig. 4.52: Variation of magnetization of GdysCaysMnQO; with temperature at 100 Oe. Inset shows the
temperatures marking the onset of charge-ordering, canted antiferromagnetism and Curie-Weiss

temperature.

In fig. 4.53(a), we have shown the temperature variation of dielectric constant for
Gdy 5CapsMnOs; at different frequencies. The temperature corresponding to the maximum
value of the dielectric constant shifts towards the higher temperature from 250 to 265 K
over the frequency range 1 kHz-10 kHz. The maximum value of the dielectric constant is
6.2 x 10° at 10 kHz. The Curie-Weiss plots in the high temperature region (T > Tpax)
yields the ferroelectric transition temperature, Trg, equal to 290 K which is close to the
value of Tco. There is a marked decrease observed in the value of dielectric constant
when magnetic field is applied, showing the maximum at a relatively lower temperature
[Fig. 4.53(b)]. Fig. 4.54 shows the P-E loops of GdjsCapsMnOs at 70 K and 300 Hz
corresponding to various values of the voltage in the 500-1500 V range. There is no
saturation and the maximum polarization found at 1500 V is 0.328 uC/cm®. The observed

values of P; and E, at 1500 V are 0.172 nC/cm” and 4.025 kV/cm respectively.
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Fig. 4.54: Ferroelectric hysteresis loops of Gdy sCaysMnOs (at 300 Hz, 70 K) for various voltages.
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Yo5CapsMnOs, with a slightly smaller <r,> than GdjsCaysMnOs, exhibits a
charge-ordering transition at 275 K (T¢o) and an antiferromagnetic transition at 110 K
(Tx) [63] [Fig. 4.55]. Ferromagnetic interactions are manifested at low temperatures due
to electronic phase separation [64, 65]. Magnetic hysteresis is observed at T < 50 K, the

values of remnant magnetization (M;) and coercive field (Hc) at 5 K being 35 emu/mol

and 489 Oe respectively.
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Fig. 4.55: Variation of magnetization of Y, 5CaysMnO; with temperature at 100 Oe. Inset shows the inverse

susceptibility plot marking the onset of charge-ordering, canted antiferromagnetism and Curie-Weiss

temperature.

In Fig. 456 (a), we have plotted the dielectric constant as a function of
temperature for various frequencies. The dielectric constant exhibits a maximum in the

225-240 K range. On increasing the frequency, the dielectric constant decreases markedly
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with the maximum shifting to slightly higher temperatures. At 10 kHz, the maximum
value of the dielectric constant is 2 x 10*, high compared to other rare-earth manganites.
This would be expected considering the robust charge-ordered state and the small size of
the yttrium ion. The ferroelectric transition temperature (Trg) derived from the inverse
Curie-Weiss plot of dielectric constant is close to Tco. Application of a magnetic field of
1 T has a significant effect on the dielectric constant causing a shift of the dielectric

constants maximum to a lower temperature as can be seen in Fig. 4.56 (b).
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Fig. 4.56: (a) Temperature-dependence of the dielectric constant of YsCagsMnO; for different
frequencies. (b) Effect of magnetic fields on the dielectric behavior of Y sCaysMnO; at 10 kHz.
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The magnetocapacitive effect is genuine which is not due to the magneto-
resistance, since we do not observe any change in resistance on the application of
magnetic fields up to 15 T. In fig. 4.57, we show the polarization (P) - electric field (E)
hysteresis in Y sCapsMnO; at 100 K and 200 Hz in applied voltage range of 500 — 1500
V. There is no saturation and the maximum polarization found at 1500 V is 0.355
uC/cmz. The remanent polarisation (P;) and coercive field (E.) are 0.182 },LC/sz and

5.215 kV/em respectively at 1500 V.
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Fig. 4.57: Ferroelectric hysteresis loops of Y, sCagsMnOs (at 100 K, 200 Hz) for various voltages.

Y 0.6Cap4MnOs3, with bond-centered charge ordering, shows divergence in the FC
and ZFC magnetization curves with possible short-range ferromagnetism below 84 K
(Fig. 4.58). We have examined the ferromagnetic hysteresis loop of Yy ¢CapsMnOsat 5 K

and found M, and Hc values of 277 emu/mol and 891 Oe respectively (Fig. 4.59).
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Fig. 4.58: Variation of magnetization of Y(sCag4sMnO; with temperature at 100 Oe. Inset shows the

occurrence of short-range ferromagnetism at 90 K.

M (emu/mol)

H (Tesla)

Fig. 4.59: Ferromagnetic hysteresis loop of Y,sCagsMnO;at 5 K.
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The dielectric constant shows a maximum with the Tpax shifting from 227 K to
247 K in 1 kHz-10 kHz range as shown in fig. 4.60(a). The maximum value of dielectric
constant at 10 kHz is around 10° which is larger than that in Y(sCagsMnQO;. The
ferroelectric transition temperature, Tcg, is found to be 300 K from the plot of reciprocal
dielectric constant versus temperature. Fig. 4.60(b) shows the effect of magnetic fields on

the dielectric constant at 10 kHz.
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Fig. 4.60: (a) Temperature-dependence of the dielectric constant of Y,Cag4sMnO; for different
frequencies. (b) Effect of magnetic fields on the dielectric behavior of Y ¢Ca4sMnO; at 10 kHz.
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Investigation of the ferroelectric hysteresis yielded the values 0.145 pC/cm’® and
3.503 kV/cm for P, and E, respectively at 125 K and 1 kHz corresponding to 1500 V

(Fig. 4.61). The maximum polarization found at 1500 V is 0.336 pC/cm?.
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Fig. 4.61: Ferroelectric hysteresis loops of Y sCag4MnOs (at 125 K, 1 kHz) for various voltages.

Magnetic measurements on Y ssCag4sMnOs show evidence for charge ordering at
275 K which is same as that of Y sCapsMnO; and weak ferromagnetic interactions with a
short-range ferromagnetic order below around 50 K (Fig. 4.62). It exhibits magnetic
hysteresis loop at low temperatures, the values of M; and H¢ at 5 K being 45 emu/mol
and 502 Oe respectively. We show the temperature variation of the dielectric constant for
Y.55Cap4sMnO; in Fig. 4.63(a). Based on the Curie-Weiss plot, we estimate Tcg to be
326 K which is much higher than that of Y(s5CapsMnOs;. The maximum value of
dielectric constant observed at 10 kHz is 3.3 x 10*. The effect of magnetic field on the
dielectric constants is shown in Fig. 4.63(b). The data show clear evidence for

magnetocapacitance.
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Fig. 4.62: Variation of magnetization of Y s5Cag4sMnO; with temperature at 100 Oe. Inset shows the

inverse susceptibility plot marking the onset of charge-ordering, short-range ferromagnetic order.
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Fig. 4.63: (a) Temperature-dependence of the dielectric constant of Y(s5Cag4sMnO; for different
frequencies. (b) Effect of magnetic fields on the dielectric behavior of Y 55Cag4sMnO; at 10 kHz.
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The ferroelectric hysteresis loops exhibited by most of the rare-earth manganites
are similar to those of leaky dielectrics [6]. The dielectric hysteresis loop of a very thin
sample (thickness ~ 180 um) of Y s5Cap4sMnOs recorded by us showed a maximum

polarization of around 0.43 uC/cm” and a remnant polarization of 0.25 pC/cm? at 900 V

(Fig. 4.64).
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Fig. 4.64: Ferroelectric hysteresis loops of Y 55Cag4sMnOs (at 95 K, 500 Hz) for various voltages.

In view of the unreliability of dielectric hysteresis loops [6], we have carried out
second harmonic generation (SHG) of polycrystalline Y.xCayMnO;3 samples with x =
0.45 and 0.4. The SHG responses of Y s55Cag4sMnOsand Y 6Cap4MnOs were found to be
1.25 and 0.79 times that of quartz respectively. These measurements establish that
charge-ordered rare-earth manganites do, indeed, possess non-linear properties and
polarization features of ferroelectrics. All these observations establish that among the

charge-ordered rare earth manganites, Y xCaxMnO3s compositions are multiferroic.
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It is important to note some of the important characteristics of the charge-ordered
manganites studied by us in order to fully understand their ferroic properties. The most
important feature is that all the manganites exhibit electronic phase separation at low
temperatures (T < Tco) [66]. Application of electric fields also causes a significant
decrease in the resistivity of the manganites [67, 68]. On the application of electric fields,
the manganites show magnetic response [69,70]. Such electric field-induced
magnetization may also be taken as evidence for coupling between the electric and
magnetic order parameters in the manganites. This would be expected since the metallic
state created by the electric field should necessarily be ferromagnetic according to the
double exchange mechanism. It is likely that grain boundaries between the different
electronic phases have a role in determining the dielectric behavior. The importance of
grain boundaries in giving rise to high dielectric constants has indeed been recognized
[71, 72]. In spite of the complexity of their electronic structure, the present study shows
that the charge-ordered rare earth manganites possess multiferroic and magnetoelectric

properties. These observations are consistent with the predictions of Efremov et al. [59].

Conclusions

The magnetocapacitive behavior is likely to reflect the electronic phase-separation
that could be present in the material. Charge-ordered and ferromagnetic regimes or
domains of different sizes would be present in such a manganite. The
magnetocapacitance exhibited by these manganites is genuine since we do not observe
any change in resistance on the application of magnetic fields upto 4 T in these

manganites. Charge-ordered rare earth manganites of the general formula Ln; (Ax\MnO3
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exhibit dielectric constant anomalies around the charge-ordering or the antiferromagnetic
transition  temperature. GdosCapsMnO; shows negative magnetocapacitance
progressively with the ferroelectric transition shifting to a relatively lower temperature.
Y xCayMnO3s compositions show ferroelectric transition around room temperature with
leaky ferroelectric hysteresis. The compounds NdsCapsMnO; shows a positive
magnetocapacitive effect below Ty and the charge ordering temperatures, while
Pry6Cap4sMnO;s shows a negative magnetocapacitive effect near Ty and positive effect
near Tco. Y1xCaxMnOs compositions show invariably negative magnetocapacitive effect.
Magnetic fields have a marked effect on the dielectric properties of these compounds,
indicating the presence of coupling between the magnetic and electrical order parameters

enabling them for device applications.
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4.6.2 Magnetoelectric effect in binary rare-earth manganite systems

Summary

We have synthesized the binary rare earth manganites like (Lag7Cags)i-
x(Y0.5Ca0.5)xMnOs, (LagsSr05)1x(Y0.5Ca0.5)xMnOs, (Lag7Cag3Mn0O;3)1x(Y0.5CagsMnOs)y,
(Lag.5SrosMn0O3)o.75(Yo.5Cap sMnOs)o2s and (PrgsSrosMnOs3);«x(ProsCagsMnOs)y through
two different ways and studied the modification of ferromagnetic behavior of the
compounds like Lag7Cap3MnQO;, LagsSrosMnOs and PrysSrgsMnO; on one hand and
ferroelectric behavior of Y(sCapsMnO; and PrysCapsMnO; on the other by combining
them in various proportions like 25, 50 and 75 percents. (Lag7Cag3)1-x(Y0.5Cao5)xMnO3
exhibits lowering of magnetization value as well as cusp temperature in ZFC curve as we
approach Y(sCapsMnO;. For x = 0.25, there is appreciable magnetoelectric effect,
whereas for higher x wvalues, the effect is less realized. (Lag7Cag3MnOs3);.
x(Y05CagsMnOs3)x show similar kind of magnetic properties like (Lag7Cags)i-
x(Y05Cags5)xMnOs. A peak is observed at 230 K for x = 0.25, which is found to shift
towards higher temperature for higher compositions approaching Tco of YsCagsMnOs.
For x = 0.25, positive magnetocapacitance was observed, whereas for others, it is
negative. (LagsSros)ix(Yos5Caos)xMnO; exhibits the same trend in magnetic
characteristics like (Lap7Cag3)1x(Y05Caos)xMnOs. Again, the magnetic properties of
(Lag.sS10.5)0.75(Y0.5Ca0.5)0.2sMnO3 and (Lag sSr9sMnO3)o.75 (Yo.5Ca9sMnO3) 25 are similar.
(Lag.5Sro.sMn0Os3)o.75 (Yo.5CagsMnOs)o 5 shows a decrease in dielectric constant above 200
K on the application of 1 or 3 T magnetic field. The x = 0.5 and 0.75 compositions in

(LapsSro5)1x(Yo05Cags)xMnO3 show broad maxima in the dielectric constant at higher
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temperatures. x = 0.5 shows remarkable response to higher magnetic field. In
(ProsSr9sMnO3); x(Pro6Cag4sMnOs)y, x = 0.5 and 0.75 compositions exhibit
ferromagnetic transitions with the transition temperatures at 250 K and 215 K
respectively. All the compositions possess maxima in dielectric constant curves which are
found to shift to higher temperatures with the application of magnetic field. x = 0.5 shows
a dramatic impact of magnetic field on its dielectric constant. x = 0.5 and 0.75

compositions exhibit magneto-dielectric effect in the paramagnetic regime.
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Magnetoelectric effect in binary rare-earth manganite systems

Magnetization data of Lag;Cap3MnO; and Y(sCapsMnO; as a function of
temperature at 100 Oe magnetic field are shown in fig. 4.65. Lay;Cap3;MnO; is a
ferromagnetic (FM) metal below the Curie temperature (T¢ ~247 K) and a paramagnetic
insulator above T¢. Ys5CapsMnOs exhibits a charge-ordering transition at 275 K (T¢o)
and an antiferromagnetic transition at 110 K (Ty) [63] as seen in the inset of fig. 4.65.
Ferromagnetic interactions are manifested in Y(sCagsMnO; at low temperatures due to

electronic phase separation [64, 66].
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Fig. 4.65: A comparative picture of the magnetization curves for Lagy;Cao3;MnO; and Y sCagsMnO;, FC
and ZFC data shown by solid and open symbols respectively. The inset gives the exact appearance of the

curves for Y sCaysMnOs.

Typical magnetization data of the series (Lag7Cag3)1x(Y0.5Cag5)xMnO3 are shown

in fig. 4.66. All the three compositions show a cusp in zero field cooled data at a
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temperature which is found to decrease with the increase in composition. The values of
the cusp temperature was observed to be 46 K, 39 K and 36 K respectively for x = 0.25,
0.5 and 0.75 respectively. With increase in x, the value of magnetization decreases
systematically, being the lowest for x = 0.75 composition. They all exhibit characteristic
hysteresis loops. (Lag7Cap3)os(Yos5Caos)osMnOs, for example, has a remnant

magnetization of 880 emu/mol and coercive field of 1400 Oe (Fig. 4.67).
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Fig. 4.66: The field-cooled (FC) and zero-field-cooled (ZFC) magnetization curves for (Lag;Cag3);.
«(Yo.5Cag5)xMnQO;. The insets show the enlarged view of the curves corresponding to x = 0.5 and x = 0.75

compositions.
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Fig. 4.67: Ferromagnetic hysteresis of (Lag7Cag3)o.5(Y0.5Ca0.5)0sMnO; at 5 K.
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In fig. 4.68, we show the magneto-electric effect in (Lag7Cag3)i-
x(Y05Cag5)xMnO3 at 100k Hz frequency. Dielectric data for x = 0.25 show two humps
around 110 K and 150 K. The composition x = 0.5 shows increase in dielectric constant
above 150 K while x = 0.75 show a broad maxima around 200-250 K. Application of 1 T
magnetic field has a significant effect on the dielectric behavior of the x = 0.25

composition. Similar behavior is also observed in a 3 T magnetic field.
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Fig. 4.68: The effect of magnetic field of (a) 1 T and (b) 3 T on the dielectric constant of (Lag;Cag3);.
x(Y.5Cag 5)x\MnO; compounds. The solid and open symbols indicate the data without and with magnetic

field respectively.
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The magnetoelectric effect is small for x = 0.5 and 0.75, for both the applied fields. Thus,
we find the magnetoelectric effect only at small values of x, where for x = 0.5 and 0.75,
the highly insulating component due to incorporation of Y causes a small magnetoelectric
effect.

We examine the properties of (Lag7Cap3MnO3);x(Yos5CagsMnOs), prepared by
mixing the parent compounds followed by sintering of the pellet at high temperatures.
Fig. 4.69 shows the magnetization data for (Lag7Cag3MnO3);«(Y5CapsMnOs)x which
are similar to those of (Lag7Cag3)1-x(Y05Cags)xMnOs. This shows that the properties are

independent of the methods of preparation of this binary manganite system.
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Fig. 4.69: The field-cooled (FC) and zero-field-cooled (ZFC) magnetization curves for
(Lag7Cag3Mn03); 4(Y5CapsMnOs),. The insets show the enlarged view of the curves corresponding to x =

0.5 and x = 0.75 compositions.
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We show the variation of dielectric constant with temperature for different
compositions of (Lag7Cag3MnO3);x(Yos5CagsMnO;3)x at 100k Hz frequency in fig. 4.70.
All the compositions show dielectric constant maxima around 125 K which is believed to
have arisen due to canted antiferromagnetic type behavior of Y sCapsMnOs. One more
peak is observed at 230 K which shifts towards higher temperature approaching the Tco

of Y 5CapsMnOj as the composition of Y(sCagsMnOj is increased from x = 0.25 to x =

0.75.
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Fig. 4.70: Variation of dielectric constant of (Lay,Ca;3MnOs3).(YsCagsMnOs), compositions with
temperature for 100 kHz.

Application of magnetic field of 1 T has a marked effect on the x = 0.25
composition as it leads to increase in dielectric constant, while almost no effect on 0.5
and 0.75 compositions is observed [Fig. 4.71 (a)]. However, magnetic field of 3 T has
appreciable effect on the dielectric constant of all the compositions as shown in fig. 4.71

(b), the x = 0.5 and 0.75 compositions showing negative magnetoelectric effect.
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Fig. 4.71: The effect of magnetic field of (a) 1 T and (b) 3 T on the dielectric constant of (Lay,Cag3MnOs3),.
x(Y.5Cag sMnQOs), compounds. The solid and open symbols indicate the data without and with magnetic

field respectively.

Fig. 4.72 shows the magnetization data for the compound LagsSrysMnOQOs,
undergoing a ferromagnetic transition (T¢) at 330 K. LagsSrosMnOs is metallic both in
the FM and paramagnetic states. Fig. 4.73 (a) shows the magnetic data for the series

(Lag.sSro.5)1x(Yo.5Cags)xMnOs. These compounds do not show ferromagnetism, but there
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is a broad magnetic transition around 200 K in the x = 0.25 composition. The value of
the magnetization as well as the temperature corresponding to the divergence FC and
ZFC curves decrease for x = 0.5 and 0.75 compositions similar to (Lag7Cag3)i-

x(Y0.5Cag 5)xMnOjs series discussed earlier.
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Fig. 4.72: A comparative picture of the magnetization curves for LagysSrosMnQO; and Y, sCagsMnQO;, FC
and ZFC data shown by solid and open symbols respectively. The inset gives the exact appearance of the

curves for Yq5CaysMnO;.

All the compounds of (LagsSros5)1x(Y0.5Cags5)xMnOs series exhibit characteristic
hysteresis loops. (LagsSr95)0.75(Yo0.5Caos)o2sMnOs, for example, has a remnant
magnetization of 2900 emu/mol and coercive field of 210 Oe [Fig. 4.73 (b)].

Magnetisation curve approaches towards saturation after 1.5 T.
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Fig. 4.73 (a): The field-cooled (FC) and zero-field-cooled (ZFC) magnetization curves for (LagsSrgs);.

«(Yo.5Cag5)xMnQO;. The insets show the enlarged view of the curves corresponding to x = 0.5 and x = 0.75

compositions.
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Fig. 4.73 (b): Ferromagnetic hysteresis of (Lag 5Srg5)0.75(Y0.5Cag5)0.2sMnO3 at 2.5 K.
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In fig. 4.74, dielectric data of (Lag sSr¢5)1x(Y0.5Ca0.5)xMnO;3 are shown. We do not
see dielectric constant maxima in x = 0.25, nor any significant magnetoelectric effect.
The x = 0.5 and 0.75 compositions show broad maxima in the dielectric constant at

higher temperatures. x = 0.5 shows remarkable response to higher magnetic field.
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Fig. 4.74: The effect of magnetic field of (a) 1 T and (b) 3 T on the dielectric constant of (LagsSrgs);.
x(Yo.5Cag 5)xMnO; compounds. The solid and open symbols indicate the data without and with magnetic

field respectively.
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The magnetic behaviors of mechanically mixed (LagsSrosMnOs)g7s
(Y0,5Cao.5MnO3)o,25 arc similar to (Lao,5Sr0,5)0.75(Y0,5Cao,5)0,25MnO3 [Flg 4.75 (a) & (b)]

It possesses a remnant magnetization of 2700 emu/mol and coercive field of 220 Oe.
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Fig. 4.75 (a): The field-cooled (FC) and =zero-field-cooled (ZFC) magnetization curves for
(Lag.sSro.sMnO3).75(Y0.5CagsMnOs) 25 at 100 Oe.
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Fig. 4.75 (b): Ferromagnetic hysteresis of (Lag 5SrysMn0Os)g 75(Y5CagsMnOs)g 55 at 2.5 K.
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Magnetic fields of 1 and 3 T cause a decrease in the dielectric constant below the
maxima. (LagsSrosMnO3)75(Y0s5CapsMnOs3)p25 shows a broad dielectric constant
maximum around 200 K as shown in fig. 4.76(a). There is a small decrease in dielectric

constant on the application of 1 or 3 T magnetic field above around 200 K [fig. 4.76(b)].
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Fig. 4.76: Variation of dielectric constant of (LagsSresMnO;3)75(Y¢5CaosMnO;3)g,5 with temperature (a)
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Fig. 4.77 shows the magnetization curves for the series (ProsSrosMnOs);.
«(Pro6Cag4MnO3)x with x = 0, 0.25, 0.5 and 0.75. Pry5SrosMnO; shows a ferromagnetic
transition at 270 K followed by a first order phase transition from an FM metal to AFM
nonmetal at 140 K [73]. Prp¢Ca4MnOs is a bond-centered charge-ordered insulator with
a Tco of 240 K and Ty of 170 K exhibiting evidence for electronic phase separation at
low temperatures [60]. For x = 0.25, the behavior is similar to that of PrjsSryosMnQOs.
However for x = 0.5 and 0.75, we see ferromagnetic transitions at 250 K and 215 K

respectively.

]

(=]

(=]

[=]
1

M (emu/mol)
T
3
1

R R RG]

" T * 1T * T T T T 1
150 200 250 300 350 400

T (K)

T
-50 0 50 100

Fig. 4.77: The field-cooled (FC) and zero-field-cooled (ZFC) magnetization of the series (ProsSrosMnQO3);.
«(ProsCag4MnO3), with X =0, 0.25, 0.5 and 0.75 in an applied field of 100 Oe as a function of temperature.
The solid symbols show FC data and open symbols ZFC data.
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Dielectric data for all the three compositions are given in fig. 4.78. The dielectric
data show a maximum around 150 K for x = 0.25 which is shifted on application of a
magnetic field of 1 T or 2 T. We see a significant decrease in dielectric constant on the
application of magnetic fields in x = 0.5 composition above 200 K, while x = 0.75 shows
positive and negative magnetoelectric effects alternatively over the entire temperature
range. It’s noteworthy that both these compositions show magneto-dielectric effect above

the FM transition temperatures in the paramagnetic regime.
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Fig. 4.78: Temperature-dependence of the dielectric constant of the series (PrgsSrosMnOs3);.
«(Pr0.6Cap4MnOs), with X =0, 0.25, 0.5 and 0.75 for 100kHz frequency (a) at H=1 T and (b) H=2T.
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Conclusions

We observe interesting features in the magnetic, dielectric properties in all the
binary manganites with respect to the behavior in their parent compounds. (Lag7Cag3);-
x(Y0.5Cag5)xMnO; exhibits lowering of magnetization value as well as cusp temperature
in ZFC curve as we approach Y(sCapsMnOs;. For x = 0.25, there is appreciable
magnetoelectric effect, whereas for higher x wvalues, the effect is less realized.
(Lap7Cap3sMnOs3);x(Yos5CapsMnO3)x show similar kind of magnetic properties like
(Lap7Ca3)1x(Yo5Caps)xMnOs. A peak is observed at 230 K for x = 0.25, which is found
to shift towards higher temperature for higher compositions approaching Tco of
Yo5CapsMnOs. For x = 0.25, positive magnetocapacitance was observed, whereas for
others, it is negative. (LagsSros)1x(Y0.5Cags)xMnO; exhibits the same trend in magnetic
characteristics like (Lap7Cag3)1x(Y05Caos)xMnOs. Again, the magnetic properties of
(Lao.sSr0.5)0.75(Y0.5Ca0.5)02sMnO3 and (Lag sSt9.sMnO3)75(Y0.5CaosMnOs)o2s are similar.
(Lag.sSrg.sMn0O3)0.75 (Yo.5CagsMnO3)o.25 shows a decrease in dielectric constant above 200
K on the application of 1 or 3 T magnetic field. The x = 0.5 and 0.75 compositions in
(LapsSro5)1x(Yo05Cags)xMnO3 show broad maxima in the dielectric constant at higher
temperatures. x = 0.5 shows remarkable response to higher magnetic field. In
(Pro5Sr9sMnO3); x(Pro 6Cap4sMnOs)y, x = 0.5 and 0.75 compositions exhibit
ferromagnetic transitions with the transition temperatures at 250 K and 215 K
respectively. All the compositions possess maxima in dielectric constant curves which are
found to shift to higher temperatures with the application of magnetic field. x = 0.5 shows

a dramatic impact of magnetic field on its dielectric constant.
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