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Preface

The thesis presents study of multiferroic properties in perovskite oxides where ferro-
electricity and magnetism (ferro- or antiferromagnetism) can coexist. The thesis is
focused on bismuth and yttrium based perovskite oxides that exhibit multiferroic prop-

erties and temperature induced magnetization reversal.

Chapter 1 gives an introduction to multiferroic materials and various mecha-

nisms that induce ferroelectricity.

Chapter 2 describes experimental details of material synthesis and physical

property measurements followed in the thesis.

Chapter 3 deals with non-magnetic ion substitution at the Fe-site of BiFeOj.
BiFeOs is a room temperature ferroelectric and antiferromagnetic (G-type). A spiral
magnetic ordering present below Ty , cancels any finite magnetization arising from spin
canting. Substitution of Al and Sc at the Fe-site suppresses the spiral magnetic ordering
and induces finite magnetization. The Sc substituted compounds show an improved
dielectric and ferroelectric properties compared to that of Al.

Chapter 4 discusses structural, magnetic and dielectric properties of high pres-
sure synthesized BiCrysMng 503. A glassy magnetic behavior is observed below Néel
temperature. The compound crystallizes in a centrosymmetric structure (C2/c) and ex-
hibits unusually high dielectric constant (~10%) near room temperature. The behavior
is explained in terms of Maxwell-Wagner relaxation due to grain boundary polarization

as revealed from impedance and dielectric spectroscopic study.

Chapter 5 deals with the observation of temperature induced magnetization re-

vii



versal in high pressure synthesized BiFej 5sMng 503. The compound has an orthorhom-
bic structure (Pn2,m). It orders antiferromagnetically at 270 K and shows negative
magnetization below a compensation temperature T* (208 K at 50 Oe), down to the
lowest temperature measured. Substitution by Sr and La at the Bi-site stabilizes the
compound in rhombohedral structure at ambient pressure. The absence of magnetiza-
tion reversal in these compounds indicates important role of structure.

Chapter 6 is focused on magnetization reversal study of ambient pressure syn-
thesized YFe;_,M_ O3 (0<x<1.0 for M = Cr and 0<x<0.45 for M = Mn). These com-
pounds crystallize in orthorhombic structure (Pnma) and undergo a first-order spin re-
orientation transition below Néel temperature. Negative magnetization is observed in
compounds near the equal mixing of Fe and Mn/Cr. The reversal is understood in terms
of interplay of magnetic anisotropy and Dzyaloshinskii-Moriya interactions on the dif-
ferent superexchange interactions.

Chapter 7 presents the discovery of magneto(di)electric effect in the centrosym-
metric YFe; ,Mn,O3 perovskites. These compounds exhibit magnetodielectric effect
at magnetic transitions whereas ferroelectricity appears at lower temperatures. A large
magnetocapacitance of 18% is found near the spin-reorientation transition (320 K) for
the compound with x = 0.4. Further, electric polarization could be increased by mag-
netic field confirming the material to be a new magnetoelectric multiferroic. Magne-
todielectric effect is attributed to the spin-phonon coupling at the magnetic transitions
whereas the polar state may arise either due to complex magnetic ordering or spin-

disorder which requires further investigation.
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CHAPTER 1

Introduction to Multiferroics: Materials and

Mechanism

Present day leisure and basic needs of our daily life has triggered an exponential in-
crease in technical advances. This has enforced scientists and engineers to discover
new compounds and develop technologies. At present, this is reflected in all technolo-
gies involving metals, ceramics, semiconductors, polymers, composites, biomaterials
and other exotic materials. Not only these have commercial value but are also of fun-
damental interest. In last century, there have been several breakthrough inventions such
as superconductivity, metal-oxide-silicon (MOS) transistors, optical storage materials,
giant magnetoresistance, semiconductor lasers, optical fibers, liquid crystals, nanoma-
terials etc. These discoveries have greatly influenced the advances in medical science,
telecommunications, storage devices and other branches of science. Miniaturization is

another objective for integration and higher performance of present day’s devices.

Multifunctional materials provide a way to combine various functionalities in a sin-
gle compound. Such advanced materials with coexisting superior properties can be
good candidates for application in various fields mentioned above. Progress in mate-
rials design, instruments and microscopic understanding has further helped to discover
these exotic phenomenon. Superconductivity which was discovered 100 years ago, is
still being widely studied to find materials with zero electrical resistance at room tem-

perature. Superconductivity and magnetism though closely related but coexistence is
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rather difficult to achieve. It has also been observed that coexistence of two mutually
exclusive properties mostly gives rise to exotic phenomena which can be useful for bet-
ter control of the functionalities. Multiferroic is one such example where the mutually

exclusive ferroic properties coexist in a single material.

In a ferroic material, the order parameter spontaneously appears below a character-
istic transition temperature and that can be switched by external force or field [1, 2].
Ferroics can be classified mainly into three categories namely ferroelastic, ferroelectric
and ferromagnetic where the corresponding order parameters are strain, polarization
and magnetization respectively. The ferroelastic materials possess spontaneous defor-
mation or strain below a transition temperature. When a stress (force per unit area) is
applied, the strain can be switched hysteretically. Here, we have focused our primarily

on ferroelectricity and ferromagnetism as discussed below in detail.

1.1 Ferroelectricity

An electric dipole consist of a positive and a negative charge, ¢ separated by a dis-
tance d. The dipole moment is defined as the product of charge and the distance. The
dipole moment per unit volume is known as polarization (P). In materials, where
the dipoles can be polarized with an electric field are called electrically polarizable
as shown schematically by an elliptic box in figure 1.1. In the paraelectric phase of
BaTiO3 which has cubic structure, centers of the positive charges Ba?*, Ti*" and nega-
tive charges of O*~ lies at the center of the cube. Thus, non-centrosymmetric structure

is an essential condition for a compound to be polar.

Ferroelectricity is a phenomenon where a spontaneous electric polarization exist be-



1.1. Ferroelectricity

FE = Ferroelectric

FM = Ferromagnetic
ME = Magnhetoelectric
MEM = Magnhetoelectric
Multiferroic Multiferroic

1
fe AT TP

Figure 1.1: Electrically and magnetically polarizable materials are shown as elliptic
region. Ferromagnets and Ferroelectrics which are subset of these are shown as circu-
lar regions. The materials in the overlapped region (violet) are multiferroic i.e., both
ferroelectric and ferromagnetic. Magnetoelectric (ME) effect which need not, arise in
any of the materials that are both magnetically and electrically polarizable is shown by
green circular region. The materials belonging to the region MEM are magnetoelectric
multiferroic.

low Curie temperature (Tcg) even in absence of any field and that can be switched with
an external electric field. This forms a subset of electrically polarizable materials as rep-
resented by a circle (FE) in figure 1.1. As ferroelectricity is deeply related to symmetry,
the crystal with non-centrosymmetric structure only can show the polar nature. Antifer-
rolectrics are the other class of electrically polarizable materials where the spontaneous
dipole moment is zero due to centrosymmetric structure. In fact, ferroelectricity is sub-
group of pyroelectric and piezoelectric class of compounds. Piezoelectricity is the ef-

fect where spontaneous polarization appears when a stress is applied and vice versa i.e.,
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there is a strain induced under an electric field. Below Curie point, a pyroelectric crystal
has a spontaneous polarization which may or may not be switchable. This classification
can be understood in terms of symmetry. There are 32 point groups which can be clas-
sified into two classes based on the symmetry. The point groups which possess center
of symmetry are known as centrosymmetric and thus can not be polar. Out of 32 point
groups 11 are non-polar i.e., centrosymmetric. In the remaining 21 point groups, 20
(except the point group 432) are non-centrosymmetric and show piezoelectricity. These
non-centrosymmetric structures can have one or more crystallographically unique di-
rection (polar axes) along which the piezoelectric effect is observed. Particularly, polar
crystals with one of the ten point groups (1, 2, m, mm2, 4, 4mm, 3, m, 3m, 6 and 6mm)
have only one unique polar axis and can show spontaneous polarization. Such com-
pounds are known as pyroelectric. It is not always possible to switch the spontaneous
polarization in all the pyroelectric crystals possibly due to very high coercive field [2].
Ferroelectrics are those pyroelectric compounds where the spontaneous polarization is

switchable.

Figure 1.2: (a) Perovskite structure ABO3 with BOg octahedra. (b) Bi perovskite oxide
(BiMOs3) showing 6s lone pairs
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In 1921, ferroelectricity was discovered in Rochelle salt, KNa(C,H,Og¢).4H50 [3].
This compound was first prepared by Elie Seignette in mid 1600 in La Rochelle, France
and thus the effect is also known as Seignette effect. Later ferroelectricity was ob-
served in perovskite BaTiO3 which has very high dielectric constant (~1200) near the
Curie temperature (Tcg) 393 K [4, 5]. Perovskites are cubic type structure represented
as ABOj3, where A ions are present at the corners, B ions at the centre of the cube
and oxygen occupies centre of each face as shown schematically in figure 1.2. BaTiOs
undergoes structural transition from paraelectric cubic to noncentrosymmetric tetrago-
nal at Curie temperature and successive transitions to orthorhombic and rhombohedral
phases at further low temperatures. Incidentally, the most studied ferroelectrics such as
PbTiO3, PbZr,_,Ti, O3, PbMg,,3Nb; 303, K;Na;_,NbOj etc. also possess perovskite

structure.

Based on the mechanism of transition from paraelectric (centrosymmetric) to ferro-
electric (non-centrosymmetric) phase, ferroelectrics are divided into order-disorder and
displacive types. Order-disorder type of transition is observed in compounds typically
with Hydrogen (H) bond such as KH,PO, where below T¢ the ordered H-bonds give
rise to a net dipole moment. Above T, these bonds are disordered giving a paraelec-
tric phase. In the displacive ferroelectrics, the ions are displaced about the polar center
below Curie temperature. The ionic crystals belong to this class. In BaTiOs, the Ba?*
and Ti** ions are displaced relative to O~ ions developing a net dipole moment below
the Curie temperature. As ferroelectrics are electrically insulating, they are also good

candidate for dielectric materials.

In normal ferroelectric such as BaTiOs, the dielectric constant shows a sharp tran-
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sition with a weak frequency dependence at the Curie temperature. The lead based
compounds of the type Pb(B;,B,)O3 (B1, B, are cations with different valences), such
as PbZr,_,Ti,O3 and PbMg,/3Nb; /303 show a broad diffused transition with a large

frequency dispersion. This kind of materials are known as relaxor ferroelectrics.

1.2 Ferromagnetism

Ferromagnetism can be considered as the magnetic analog of ferroelectricity. Below
Curie temperature (T¢), the ferromagnetic compounds possess spontaneous magnetic
moment which is reversibly switchable with external magnetic field as shown in figure
1.1. In these compounds, the spins or the magnetic moments align parallel to each other.
There exist two more types of magnetic ordering known as antiferromagnetic and fer-
rimagnetic. In antiferromagnetic compounds, the neighbouring spins align antiparallel
to each other, thus resulting a net zero magnetic moment below the transition tempera-
ture known as Néel temperature, Ty. In ferrimagnetic compounds, spins with different

magnetic moments couple antiferromagnetically resulting finite magnetic moments.

The magnetic ordering is understood in terms of an internal molecular field which
tends to align the spins in parallel or antiparallel. The concept of molecular field was
proposed by Weiss about a century ago [6]. The origin of molecular field is now un-
derstood to be a quantum mechanical exchange energy as proposed by Heisenberg and
Dirac [7, 8]. This is the energy gained for parallel or antiparallel arrangement between
two spins S; and S; and expressed as —2.J8S; - S;. The positive sign of J favors par-
allel arrangement while the negative sign prefers antiparallel arrangement between the

spins. The internal field is so strong that compounds show spontaneous magnetic mo-
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ment below TC even in the absence of external field. At Curie temperature, the thermal
energy (kg1 destroys the magnetic ordering and results in random arrangement of

spins. Above, T¢)n, the magnetic susceptibility (xy = M/ H) follows Curie - Weiss law,

X=—s (L.1)

where C is the Curie constant and 6 is Weiss temperature. For ferromagnetic interaction
f is positive whereas antiferromagnetic interaction leads to a negative value of 6. The

Curie constant is related to the effective magnetic moment by

Lot = 2.83 x V/C (1.2)

From the fit of paramagnetic susceptibility to Curie - Weiss law, number of free elec-
trons contributing to the effective magnetic moment can be calculated. For example, if

the magnetic ions has n unpaired electrons, the spin only theoretical value is given by

NN

Hso = n(n +2) (1.3)

In oxides, the interactions between the magnetic ions are mediated by the nonmag-
netic oxygen ion. The magnetic interaction can be either superexchange or double
exchange. In this 180 ° superexchange interaction, the exchange interaction occurs
through the virtual transfer of electrons to the neighbouring magnetic ions via oxygen
[9]. The ground magnetic state can be ferromagnetic or antiferromagnetic predicted
following the Goodenough - Kanamori rule which states that the superexchange inter-
actions are antiferromagnetic where the virtual electron transfer is between overlapping

orbitals that are each half-filled, but they are ferromagnetic where the virtual electron
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transfer is from a half-filled to an empty orbital or from a filled to a half-filled orbital
[10, 11]. On the other hand, double exchange interaction occurs in compounds mixed
valent ions where electron is exchanged from one to another magnetic ion mediated by

oxygen.

1.3 Magnetoelectric materials

The coupling between the electric and magnetic properties are known for more than
century now. Magnetoelectric effect (ME) is a phenomenon where electric dipole mo-
ment can be induced by an external magnetic field and vice/versa [12, 13]. This effect
can directly be obtained by coupling between the order parameters i.e., polarization
and magnetization or indirectly also via strain. In Landau theory, this effect is treated
by expressing the free energy F of a homogeneous and stress free system in terms of

magnetic field (H) and electric field (E) as

F(E,H)=F,— P’E; — M®H;

1 1
1 1
—§ﬁijkEiHij — §’yiijiEjEk — . (1.4)

where Pg and Mg denotes the spontaneous polarization and magnetization with € and p
as electric and magnetic susceptibilities. The polarization (P = —0F'/d E') and magne-

tization (M = —dF'/§ H) are obtained by differentiating the free energy with respect to
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the electric and magnetic fields respectively and can be written as:

P(E, H) = P + eoe;; Bj + ai; Hj
1 1
+ §5ijk Hj Hy, + 3 Vigk HE; — --- (1.5)
M(E.H)= M + popi; Hy + i B

1

As clear from the equations 1.5 and 1.6, in case of pure magnetic or electric systems
only the first two terms are non-zero. The third term in these equations stands for the
induced polarization or magnetization which is linear to the magnetic or electric field.
The coupling constant « is a tensor and known as linear magnetoelectric coefficient
whereas the higher order terms /3 and 4 signify the nonlinear ME coupling. In materials
where magnetoelectric effect is absent the terms containing these coefficients vanishes
and are purely magnetic or electric. Also, neglecting the higher order ME coefficient,
the linear coefficient can be related to the magnetic and electric susceptibilities by fol-

lowing relation,

a?j < €oplo€ijfhij (L.7)

Thus, it follows from the equation that a magnetoelectric system need not be either
ferroelectric or ferromagnetic as shown schematically (ME) in figure 1.1. But the mag-
netoelectric coupling coefficient is high when the material is ferromagnetic as well as
ferroelectric as the large relative electric and magnetic susceptibilities (e and p) will
give rise to a large magnetoelectric effect according to equation 1.7. Experimentally,

either the induced magnetization or the polarization is measured when the compound
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is subjected to an electric or a magnetic field. In the linear ME effect, the coefficient is

typically specified in units of mV cm~! Oe™! or pscm ™.

1.3.1 ME effect in single phase materials

The ME effect was first indicated in an experiment by Rontgen in 1888 where a moving
dielectric, placed in an electric field was found to be magnetized [14]. Later, in 1894
Curie suggested the possibility of magnetoelectric effect from symmetry grounds [15].
It must be pointed out that magnetoelectric effect breaks the time reversal symmetry.
In 1959, the effect was first established by Dzyaloshinskii based on the time reversal
symmetry breaking in an antiferromagnetic Cr,O3 which later was soon confirmed ex-
perimentally by Astrov in 1960 [16, 17]. The induction of magnetization by an electric
field and the reverse effect i.e., inducing polarization by magnetic field was demon-
strated in CryO3 [17-19]. In Cry0O3, the maximum magnetoelectric coefficient (. .)
was found to be 4.1 ps m~! near the Néel temperature 307 K above which it vanishes.
This was followed by observation in single phase materials such as Ti;O3, GaFeOs,
boracite and phosphate compounds, antiferromagnetic GdsCuQO,4, SmyCuQ,, solid so-
lutions like PbFe( 5sNbj 503, garnet films, multiferroic BiFeOg etc [12, 13]. Among the
single phase compounds, the largest value of magnetoelectric coefficient observed in
TbPO, (36.7 psm~1). Magnetoelectric effect in various single phase as well as in two

phase systems are well summarized in few review articles [12, 13, 20, 21].

1.3.2 ME effect in composites

As mentioned before, the ME effect can indirectly be induced by strain. In fact the

coupling has been observed in two phase systems such as composites, laminates and

10
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epitaxial heterostructure of ferroelectric and ferromagnetic materials where the strain
is mediated by magnetostrictive and electrostrictive properties [12, 13]. As mentioned,
ferroelectric compounds are also piezoelectric and most of the manganites and ferrites
are magnetostrictive. Thus, a composite system of ferroelectric and ferromagnetic is
expected to show a large magnetoelectric effect. This was demonstrated first by van
Suchtelen, van den Boomgard et al on the unidirectionally solidified two phase struc-
ture of ferroelectric/piezoelectric BaTiO3 and ferromagnetic/piezomagnetic CoFe2O,

mixtures which showed a very high ME voltage of 130 mVem!Oe™?.

This value
corresponds to 720 ps m~! much larger than the observed values for single phase com-
pounds [22, 23]. Later, many other materials such as PbZr;_,Ti, O3 (PZT, d33 = 250
pm V~1), BiyTiz01, PbMg; ;3Nb, /303 - PbTiO3 (PMN - PT) etc. were used as piezo-

electric and Tb,_, Dy, Fe, alloys (Terfenol-D), perovskite manganites, yttrium iron gar-

nets etc. were chosen as magnetostrictive to study magnetoelectric composites [12].

The magnetoelectric effect in composites was further improved using laminated
structure consisting of piezoelectric and magnetostrictive elements sandwiched between
magnetostrictive component and therefore causing a macroscopic separation. This has
helped to avoid several drawbacks which so far had restricted the ME coupling in com-
posites such as chemical diffusion, ineffective poling due to low resistivity of magne-
tostrictive component, defects etc. Ryu et al reported that laminated composite structure
of PZT (piezoelectric) disc sandwiched between Tb,_,Dy,Fe, (magnetostrictive) discs
showed an enormously high ME voltage of 4680 mV cm~! Oe™! [24]. This procedure
adopted for thick films of NiFe;O, - PZT bilayer and multilayers showed ME voltage up

to 1500 mV cm~! Oe~! [25]. Surprisingly, it was observed for the multilayer composite

11
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systems, that the output voltage is dependent on the frequency of the AC magnetic field.
The output voltage was seen to increase at a resonance frequency which is dependent on
magnetic, electric or mechanical eigenmodes of the system. The maximum ME effect
observed till date is on a trilayer structure of Permendur (an alloy consisting of 49% Fe,
49% Co and 2% V) - PZT - Permendur and is 90000 mV cm~! Oe™! [26]. The mag-
netoelectric effect has also been found in the nanocomposites in the form of epitaxial

heterostructure and also in assembled nanostructure [27, 28]

The first experimental set up to study magnetoelectric effect (electric field induced)
was measured was designed by Astrov [17]. At present, the ME effect is studied mainly
by three methods namely i) static method, ii) quasi-static method and iii) dynamic
method. Prior to the measurement, the sample is poled electrically as well as magneti-
cally. In the first method, the output voltage is measured while increasing the magnetic
field. Later, to avoid the accumulated charges arising due to electrical, poling quasi dy-
namic and dynamic methods are used. An AC magnetic field is used in dynamic method

and the output voltage is measured in a time varying DC magnetic field [29, 30].

1.4 Magnetoelectric multiferroics

Multiferroics, as the term suggests, are the materials where multiple ferroic properties
can coexist. As shown in figure 1.1, there is common region (Multiferroic) where the
materials possess both the ferroic properties. The coexistence often leads to a cross cou-
pling between the order parameters. Also, there is a small region in the diagram where
there is an overlap between magnetoelectric and multiferroic properties. Materials of

these class are known as magnetoelectric multiferroics. Our main interest here is on

12



1.4. Magnetoelectric multiferroics

the coexistence of ferroelectricity and ferromagnetism and possible coupling between
them. Since ferromagnetic insulators are rare, often the ferroelectricity is combined
with antiferromagnetism. According to the mechanism of classical ferroelectrics, it
is hard to combine ferroelectricity and ferromagnetism in the same phase. The outer
orbital (d or f) of a ferromagnet or antiferromagnet is required to be partially filled.
On the other hand, in ferroelectric BaTiOs3, the Ti** has no electrons at the outer shell
(d°) and the system is ferroelectric but not ferromagnetic. The strong hybridization be-
tween the O-2p and Ti-3d states was proven to essential for ferroelectricity [31]. Thus,
in a classical system, d’-ness seems to be crucial for ferroelectricity whereas d™ for
ferromagnetism. This brings a conflict to design a single phase multiferroic material.
However, several alternative methods have been adopted to obtain multiferroics as sum-
marized in review articles [13, 32-36]. The very first indication of coexistence of these
ferroic properties known as ferroelectromagnets were by Smolensky and Venevtsev in
1959 [32, 37, 38]. Although these materials are known from 1960, the field became
more exciting for the scientific community in the last decade after reinvestigation of
multiferroicity in BiFeO3 and TbMnOg3. At present the number of such materials are
large and have been observed not only in oxides but also in fluorides and oxyfluorides

[39].

In the context of ferroics, it is important to discuss symmetry rules. Ferroelastics
are invariant under time or spatial inversion symmetry. The ferroelectric materials break
spatial inversion symmetry whereas ferromagnet breaks time reversal symmetry. The

multiferroics in fact breaks both the symmetries.
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1.5 Classification of multiferroics

As discussed before the ferroelectricity and ferro- or antiferromagnetism are mutually
exclusive in classical ferroelectric materials, therefore several alternative methods have
been attempted by scientific community to achieve ferroelectricity in a magnetic mate-
rial. Multiferroic materials can be classified based either on mechanisms or materials.
Depending on the origin of ferroelectricity the magnetic ferroelectrics are classified
mainly into two groups namely, proper and improper ferroelectrics. In the proper ferro-
electricity, the structural transformation or instability is responsible for the polar state
whereas a more complex lattice distortion arising from a secondary ordering induces
improper ferroelectricity. This will be discussed with examples in the following sec-

tions.

1.5.1 Proper ferroelectrics

The well known compounds such as BaTiOg, PbTiOj3 etc. belong to this class of ferro-
electrics. At the ferroelectric Curie temperature these compounds undergo a structural
transition from centrosymmetric (non-polar) to a non-centrosymmetric (polar) struc-
ture. As shown by Cohen in his famous article that the hybridization between the B-site
element (d") with oxygen ions (2p) is essential to sustain a ferroelectric distortion [31].
This ferroelectric distortion in this compounds normally gives rise to a large ferroelec-

tric polarization (4 — 300 u C'/cm?).

14



1.5.1. Proper ferroelectrics

1.5.1.1 Lone pair effect

Other than the hybridization between unoccupied transition metal and the oxygen ions,
ferroelectric distortion has been observed due to stereochemical activity of lone pair
electrons. Despite the compounds BaTiO3 and PbTiO3 are having similar properties
such as unit cell volumes, tetragonal structure below the Curie temperature, the ferro-
electric behaviors in them are quite different. The former compound has a ¢/a strain of 1
9% whereas the later compound PbTiO3 has rather large strain of 6 %. This difference is
attributed to the 6s lone pair of lead where hybridization of lead and oxygen states leads
to a large distortion in contrast to ionic nature of Ba and O interaction in BaTiO3 [31].
The trivalent Bi ion has identical electronic state (6s?) and several perovskite oxides
are found to have polar or noncentrosymmetric structure. This provides an opportu-
nity to design multiferroic compound having a formula BiMO3 or PbMO3 where M is
transition metal ion having unpaired d or f electrons can lead to (anti-)ferromagnetic
ground states via superexchange interaction. The very first multiferroic compounds re-
ported in this family are Pb(Fe,/3W/3)O3 and BiFeOj3 [32]. Although, the lead based
ferroelectrics are superior compared to the other classes of ferroelectrics, researchers
are avoiding the use of lead due to its toxicity. On the other hand, bismuth based per-
ovskites remains a better choice. Using first principles calculations, it was shown that
the 6s lone pair of Bi (figure 1.2) drives the off center distortion and is responsible for
ferroelectricity in Bi based perovskites [40]. It must be noted that BiAlO3; and BiFeO;
are the only compounds in BIMOj3 family which are ferroelectric while other are non-
polar. Except BiFeOs, all the BiMO3 perovskite compounds are stabilized under high

pressure (~ 4 - 6 GPa). Perovskites of the type Bi,MM’'Og known as double perovskite
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opens up a possibility to a have ferromagnetic ground with proper choice of M and M’

according to Goodenough-Kanamori rule.

1.5.2 Improper ferroelectrics

In this class of ferroelectrics, the polarization appears from a secondary transition and
thus the order parameter considered in phenomenological Landau theory is not polar-
ization but a different physical parameter relating to such transitions [41]. Dielectric
behaviors in this system are quite different and mostly do not follow the Curie-Weiss
law above the phase transition. Also, as the ferroelectricity is secondary, the dielec-
tric constant is comparatively lower. Following by theoretical prediction, this type of
ferroelectricity was first observed in gadolinium molybdate, Gd2(MoO,); where the
polarization arises from an elastic instability [42]. At present ferroelectricity in large
number of multiferroics are improper and induced from complex ordering of charge,

spin, bond etc as discussed below in detail.

1.5.2.1 Geometric frustration

In hexagonal manganite RMnOj the ferroelectricity is observed due to geometric frus-
tration for small rare earth ions (R) [43]. For example, YMnOj is ferroelectric below
950 K whereas the antiferromagnetic ordering is observed at 77 K [44]. The ferroelec-
tric phase of YMnOj has a hexagonal structure (space group P63cm) which transforms
to a centrosymmetric structure P63 /mmc above the ferroelectric Curie temperature [45].
In the noncentrosymmetric phase, the Mn>" ions are not located in octahedra but in a
five fold coordination. Also, the rare earth ion is located in a seven fold coordination.

Origin of ferroelectricity in such systems has been described in terms of buckling of
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layered MnOj5 polyhedra and an unusual displacements of Y ions resulting a net polar-

ization [46].

1.5.2.2 Charge ordering

Charge ordering of magnetic ions has been demonstrated to result in ferroelectricity.
For example, LuFe,O, is ferrimagnetic below 250 K and the polar state is observed
below charge ordering temperature of Fe?* and Fe®*. In this compound, the Lu, Fe and
O are stacked alternatively in the triangular lattice and the ordering of Fe?>* and Fe3*
results in a ferroelectric state below 330 K. Another example of ferroelectricity induced
from a charge ordered state is in Fe3O,4. Below the metal insulator transition at 125 K, a
complex of charge ordering occurs which induces electric polarization [47, 48]. In the
colossal magnetoresistive oxides R;_,Ca,MnO;3 (R = rare earth), manganese exists in
both trivalent and tetravalent states. At low temperature, Mn3* and Mn**t are ordered
(site centered) at low temperature which give rise to a robust charge ordered insulating
state for x = 0.5. As Mn3* is Jahn-Teller active, an orbital ordering is also observed in
this half doped manganites. It has been shown in manganites close to x ~ 0.4, there
exist a charge ordered state which is not only site centered but also bond centered.
The coexistence of these two types of charge ordering can lead to ferroelectric state as
suggested by Efremov et al [49]. Dielectric anomalies observed across the charge order
and magnetic transitions with a magnetocapacitance effect was suggested to arise from

the coupling between electric and magnetic orders [50].

17



Chapter 1.

1.5.2.3 Complex magnetic ordering

In many magnetic ferroelectrics, the center of inversion symmetry is broken due to
complex magnetic ordering [34—36]. In these compounds, ferroelectricity is observed
due to the appearance of certain type of spin structure. Such spin structures can be
either collinear or noncollinear. Figure 1.3 illustrates the sinusoidal, screw, cycloidal

and conical spin structures.
Sinusoidal Screw Cycloidal Conical (I) Conical (11)
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Figure 1.3: Possible collinear and non-collinear magnetic structure.

1.5.2.3.1 Cycloidal ordering

Among the non-collinear spin structures, only cycloidal and conical ordering breaks the
inversion symmetry as discussed below. The perovskite manganites RMnO3 (R = Tb,
Dy, Eu;_,Y, etc.), have a centrosymmetric orthorhombic structure (Pnma/Pbnm) and
order antiferromagnetically at low temperatures (< 50 K). Below Ty, these compounds
undergo a transverse spiral (cycloidal) spin ordering accompanied by ferroelectric tran-
sition. In TbMnO3, the sinusoidal antiferromagnetic ordering occurs at 42 K and cy-
cloidal magnetic ordering appears below 27 K [51]. Incidentally, the ferroelectric po-

larization also arises at the onset of the cycloidal magnetic ordering. Ferroelectricity

18



1.5.2. Improper ferroelectrics

induced from cycloidal ordering has also been observed in several other materials such

as Ni3V,0g, CuO, MnWQ,, LiCu;0,, LiCuVO, etc [52-55].
1.5.2.3.2 Conical ordering

Under weak magnetic field, the screw or the cycloidal type of spin ordering can be
transformed into conical spin structures as shown in figure 1.3. Ferroelectricity in
the ferrimagnetic compound CoCr,0,4 which orders at 93 K, originates from a coni-
cal spin states realized below 26 K. Upon cooling the compound in presence of both
magnetic field (along [001]) and electric field (along [110]), the induced electric po-
larization could be reversed with external magnetic field [56, 57]. Later, similar mag-
netically induced ferroelectricity was reported in several other helimagnets ZnCrsSey,
Bag 5Sr; 5ZnsFe 5095 and BasMgoFe 509 [58-60]. The compounds CuFeO, and
ACrO; (A = Cu and Ag) have centrosymmetric crystal structure (R3m) where the el-
ements Cu/A, Fe and O forms a triangular sublattice and stacks along c-axis. These
compounds posses a 120 ° spin structure below the antiferromagnetic transition. This
particular spin structure was shown to break center of inversion symmetry and induce

polarization [61, 62].
1.5.2.3.3 Spin-current model

Microscopically, the ferroelectricity induced by the non-collinear magnetic struc-
ture discussed above is understood in terms of spin-current model or the inverse
Dzyaloshinskii-Moriya model. In this scenario, the adjacent spin (S; and S;) pair pro-

duce a local polarization and thus net polarization can be expressed as
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where, e;; is unit vector along the direction connecting the adjacent spins and a is a
constant involving spinorbit and spin-exchange interactions as well as the possible spin-
lattice coupling terms [63—65]. As the polarization contains cross product of two spins,

P=a Z éij><(§i><§j)

<i,j>
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Figure 1.4: Ferroelectricity induced from complex magnetic ordering in terms of spin-
current model and exchange striction.

this mechanism is also known as antisymmetric S; x S; coupling. It is clear from the
expression, a collinear antiferromagnet will have no local or net polarization. Ferro-
electricity in perovskite manganites RMnOj3 can be understood in the following way.
In orthorhombically distorted structure, the Mn — O — Mn angle is less than 180 ° and
oxygen ion bridging the manganese ions are not at the center of inversion symmetry as
shown in figure 1.4. Moreover, the spin structure can further cant due to spin frustra-
tion arising from cycloidal or conical ordering. For a normal canted antiferromagnet,
polarization is produced locally between two adjacent spins but next neighbour spins

also gives a polarization which is in opposite direction and thus the net resultant po-
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larization is zero. In cycloidal spin ordering, the spin rotation axis is perpendicular to
the propagation direction of the spiral. As the adjacent spin pairs are not identical, the
net polarization does not get cancelled out and results in a finite polarization. In figure
1.4, as shown for the cycloidal ordering, the polarization due to adjacent spin pairs ap-
pears in the same direction and thus adds up to result in a finite polarization. The same

explanation holds for the ferroelectricity appearing in conical spin structures.

CaMn;0;2 with incommensurate helical magnetic structure, were found to exhibit

the largest polarization ~ 3000 pC'/m?

which could not be explained by the spin-
current model. In these new class of compounds, a ferroaxial coupling mechanism

was proposed to explain the ferroelectric behavior [66, 67].

1.5.2.3.4 Collinear E-type ordering

The orthorhombic manganites RMnO3 (R = Ho - Lu and Y) with a collinear E-type
magnetic ordering was predicted to exhibit 100 times larger polarization [64, 68, 69].
Experimentally, ferroelectricity and magnetoelectric effect was observed in mangan-
ites with magnetic as well as non-magnetic rare earth ions. A similar E-type order-
ing induced ferroelectricity has also been observed in RMn,O; and perovskite RNiO3
[34, 70]. The inversion symmetry breaks due to symmetric exchange-striction of Mn
- Mn of the type S;.S;. Unlike in non-collinear magnetic ordering, this mechanism
does not include any spin-orbit coupling. In particular, this is understood by up - up -
down - down (7 ]]) spin chain model where nearest neighour coupling is ferromagnetic
and next nearest interaction is antiferromagnetic [64]. Due to the exchange striction ef-
fect, the bond length between parallel spin shortens whereas between antiparallel bond

it increases. This leads to a net polarization along the spin chain as shown in figure
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1.4. RNiOs is an interesting case where Ni**% and Ni®>~? are ordered in up - up - down
- down configuration and thus polar behavior arises due to both site centered as well
as E-type of ordering [70]. In orthorhombic manganites (RMnQO3) showing an E-type
ordering where the Mn spins form zigzag chains in the ab plane which stacks antiferro-
magnetically (+ - + -) along ¢ direction. This configuration leads to a polarization along
a axis. In RMn;Os, the Mn ions form loops with five spins as Mn** - Mn3* - Mn?* -
Mn** -Mn?* with nearest neighour coupled antiferromagnetically. As these spins are
in loop, it causes a frustration leading to a complex structure. The electric polarization

is induced by 1] or || 1 spin ordering along the b axis [35].

1.5.2.3.5 Disorder induced ferroelectricity

Very recently, ferroelectricity has been observed in disordered canted antiferromagnetic
perovskites (ABB’O3) at the Néel temperature [71]. In these oxides where A is non-
magnetic and B, B’ are two magnetic ions disordered at the B-site of the perovskite. Fol-
lowing inverse DM model, the canted antiferromagnetic structure of ABO3 and AB'O3
would give no macroscopic polarization. This situation is still valid when B and B are
perfectly ordered. However, when Band B’ are randomly disordered a polar state can
be realized.

In a recent report on canted antiferromagnetic SmFeOQs, ferroelectricity appearing
at Néel temperature was explained from inverse DM interaction acting on the non-
equivalent Fe ions at the crystallographic 4b position [72]. In this report the interaction
of Fe and the rare earth was not considered. Bharath et al demonstrated that the rare
earth orthoferrite or orthochromite systems RMOj exhibits a polar behavior when R is

magnetic such as Gd, Sm etc [73].
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1.5.3 Application of magnetoelectric multiferroic materials

The coupled order parameters in ME materials has opened up the possibility of em-
ploying an extra degree of freedom in device applications. In 1973, Wood and Austin
suggested various possible applications in devices involving i) modulation of ampli-
tudes, polarizations and phases of optical waves, i1) ME data storage and switching, iii)
optical diodes, iv) spin-wave generation, v) amplification and vi) frequency conversion
[74]. These probabilities were far from realization due to the weak coupling in single
phase materials. Later, the large ME effect arising from the resonance effect in compos-
ite materials indicated it to be a promising candidate for transducers which can convert
the microwave magnetic field into a microwave electric field and also attenuators or
phase shifters where the resonance frequency are tunable with respect to electric or
magnetic field strength [75]. The ME materials have also been suggested to be used in
sensing a magnetic field as small as 1 nT [12]. In few multiferroics, the magnetoelec-
tric effect has found to be robust and magnetoelectric switching in these compounds
are promising candidates for memory device related applications. The ideal applica-
tion would perhaps be a memory device made of a magnetoelectric multiferroic where
the polarization or magnetization can be switched by magnetic or electric field. In a
magnetic random access memory (MRAM) device, writing bits is a challenge at high
density, whereas in a ferroelectric random access memory (FERAM), reading the bit is a
challenge. In a robust multiferroic, this problem can be avoided by ferroelectric writing
and magnetic reading. The other application includes in microelectronics, spintronics
and sensor technique [76]. Such a magnetoelectric switching has been demonstrated in

years ago in magnetoelectric boracite Ni3B;0O3l. The ME signal or polarization was
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demonstrated to switch below 60 K [77]. Using an exchange interaction at the interface
between a multiferroic and a ferromagnet was shown to be useful for local control of
ferromagnetism using an electric field [78, 79]. Ramesh’s group recently demonstrated
a room temperature multiferroic switch using a p-n junction of calcium-doped bismuth

ferrite film [80].

1.5.4 Cross-coupling and temperature factor

As discussed so far, the ferroelectricity in a magnetic system is induced either from
magnetic origin or other kind of ordering such as charge ordering, lone pair effect or
geometric frustration. It can be easily pointed out that where the origin is not magnetism
related, the ferroelectric and magnetic transition transitions are well separated. Mostly,
the ferroelectric ordering occurs at temperature well above the magnetic transitions.
As the mechanisms behind magnetism and ferroelectricity are different, this leads to a
rather weak coupling between the two orders. The magnetically induced multiferroic
systems on the other hand shows a large coupling between the two order parameters as
the origin of ferroelectricity is directly involved with magnetic structure. Unfortunately,
most of these compounds order much below the room temperature with low polarization
values (~ 0.02uC/cm?). This inhibits any room temperature applications related to
memory device. It has therefore become important to find new mechanisms or new
materials which can demonstrate multiferroic properties at room temperature with large

polarization and strong magnetoelectric coupling.
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1.6 Motivation of present work

The thesis work is aimed to discover new magnetoelectric multiferroics having a large
magnetoelectric coupling at room temperature. The ordered perovskite La;NiMnOg
is ferromagnetic with high Curie temperature (T¢ = 280 K) because of the superex-
change interaction between Ni** (t§ e2) and Mn** (¢3 e)) according to Goodenough
- Kanamori rule [81, 82]. Based on this mechanism, we selected bismuth based per-

ovskite with different magnetic ions at the B-site for possible multiferroic properties

with ferromagnetic ground state.

25



Chapter 1.

26



CHAPTER 2

Experimental Techniques

The details of sample preparation and physical properties of perovskite oxides investi-

gated in this thesis are described.

2.1 Materials preparation

All the compounds presented here are polycrystalline and were prepared by solid state
reaction at high temperatures and at ambient or high pressures. The first three chapters
deals with bismuth based perovskites which can not be prepared at ambient pressure
and thus a high-pressure technique was adopted. For the compounds discussed in the

later chapters, samples were prepared by solid state route at the ambient conditions.

2.1.1 Solid state reaction

The most widely used method for the preparation of polycrystalline solids is the solid
state reaction where precursor materials (oxides or carbonates) are mixed and heated at
high temperatures. The energy required for reaction is provided by the thermal energy.
The temperature of reaction controls the thermodynamic and kinetic factors of the re-
action. Box furnaces and tube furnaces (ELITE) capable of heating up to 1500 °C were

used for sample preparation at ambient pressure.
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2.1.2 High pressure apparatus

For the sample preparation at high pressures, a cubic anvil type apparatus having six
pistons (RIKEN CAP 07) arranged in a cubic fashion was used and the picture of the
apparatus is shown in figure 2.1. A homogeneous pressure is achieved for the sample
by using this technique when the equal pressures applied from six directions. Using this
instrument, samples can be prepared with maximum pressure of 5.5 GPa (450 tonnes)

and maximum temperature of 1350°C.

Figure 2.1: Cubic anvil type apparatus.

Figure 2.2 shows the schematic diagram of the sample preparation procedure using

28



2.1.2. High pressure apparatus
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Figure 2.2: Procedure for sample preparation.

this technique. The precursor oxides weighed in stoichiometric proportions are mixed
and pelletized and then capsulated with gold. The gold capsule is then covered with
a cylinder made using NaCl with 20 % ZrO,. This cylinder is inserted in a graphite
cylinder and kept inside a Pyrophyllite (Al5Si,010(OH),) cell through the cylindrical
hole. After placing the graphite cylinder at the center, both sides of the hole are covered
with molybdenum plate and stainless steel ring (figure 2.2). The pyrophyllite cell is
placed in the high pressure apparatus. The cell is subjected to the required pressure and
then heated for two hours. After 2 hours, the heater is switched off and the pressure is
reduced slowly. The solid sample was removed from the Au capsule. In this method,
300 mg of sample can be prepared. In the cell, Pyrophyllite acts as a gasket, graphite
is used as heater and NaCl is a good thermal conductor and at same time provides
electrical insulation. The gold capsule is provided to avoid the reaction of the sample

with the cell materials. The advantages of this method are very short reaction time
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and control of oxygen stoichiometry. The main disadvantage of this procedure is small

quantity of sample obtained in a single attempt.

2.2 Structure and Physical properties

2.2.1 Structure

The structural characterization were performed by X-ray and neutron diffraction tech-
niques. For X-ray diffraction, laboratory X-ray machine D8 Advance (Bruker Inc.) was
used with zero background sample holder and the neutron diffraction measurements

were performed at D2b instrument at [LL (The Institut Laue-Langevin).

2.2.1.1 Powder X-ray diffraction

X-ray diffraction technique provides a way to identify and completely describe the
structure. A crystalline solid has a periodic arrangements of ions or atoms separated by
a distance of few A. An electromagnetic wave of suitable wavelength can diffract when
pass through the solid. Since X-rays are waves of electromagnetic radiation, atoms
can scatter X-ray waves through the atom’s electrons. The scattered X-ray interfere

constructively when the Bragg’s condition is obeyed.

2d sinf = nA 2.1

where d is an interplanar distance, 6, Bragg angle, A\, wavelength of the X-ray used and
n is an integer. In polycrystalline compound or powder sample, the grains are oriented
in all possible direction and thus gives constructive diffraction for all the interplanar

distances accounted in the measured angle 6. The intensity of the diffracted light is
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2.2.1. Structure

proportional to square of the structure factor £,

Fhkl _ Z Njfj e[27ri(hmj+kyj+lz3')} (22)
J
In this expression, f is the atomic scattering factor defined as,

_ Bsin? 0

1fI2 = foe™ > 2.3)

In this expression B is the Debye-Waller temperature factor (B = 872 U?) which is

proportional to the mean square amplitude of the thermal vibration (U).

2.2.1.2 Powder neutron diffraction

Neutron diffraction technique is similar to the X-ray diffraction though neutrons in-
teract with matter differently. While X-rays interact primarily with the electron cloud
surrounding each atom, neutrons interact directly with the nucleus of the atom. The
scattering length of neutron do not change linearly with the atomic number unlike in
X-ray diffraction. Another key advantage over X-ray diffraction is that light elements
(low Z such as O) atoms also contribute strongly to the diffracted intensity even in the
presence of large atoms. Moreover, as the neutrons carry a spin (-1.91 nuclear mag-
neton), it interacts with the magnetic moments. Neutron diffraction is widely used to

solve crystal as well as magnetic structure.

2.2.1.3 Rietveld refinement

Rietveld refinement is a technique devised by Hugo Rietveld for use in the characteriza-

tion of crystalline materials [83]. The neutron and X-ray diffraction of powder samples
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results in a diffraction pattern characterized by peak position and the intensity. The
Rietveld method uses a least squares approach to refine a theoretical line profile until it

matches the measured profile.

The calculated at a point i is given by,
K

where, s is scale factor, K represents Miller indices, Ly contains Lorenz, polarization
and multiplicity factors, S is the profile shape function, Py is preferred orientation
function, A is absorption function and Fy is the structure factor as defined earlier and

Vi 18 the background intensity.

The shape function can be a complex function containing both Lorentzian (L) and
and Gaussian (G). The much used pseudo-Voigt (pV) or modified pseudo-Voigt (mod

pV) are complex function are described as
pV=nL+(1—-ndG (2.5)
where 7 is a function of 26 containing refinable parameters U, V, W, X, Y and Z.

In the Rietveld method, the scale factor, cell parameters, atomic positions, isother-
mal parameters and other parameters are refined to minimize a function M which rep-

resents the difference between a calculated profile (y;) and the observed data (y,;).

My, => wi {yi =y}’ (2.6)

where w; is the statistical weight w; = yi
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2.2.2. Ferroelectric measurement

2.2.2 Ferroelectric measurement

A ferroelectric compound is characterized a spontaneous polarization below T¢. Exper-

imentally, the ferroelectricity can be confirmed by measuring P-E hysteresis loop.

(a)

' ] Device
Drive 7/ic' Y Under Test

voltage

Vs
Sawer - Tower @
circuit 'source

Sense
-« Ve  capacitor

PrecisionPro Drive

(b)

— Transimpedence
Device Under Test —me —— Amplifier Gain Stags

Virtual LVW\/—‘
PrecisionPro Retum Voltage
ground 4D_F Integrator Measurement

Figure 2.3: (a) Standard Sawyer - Tower circuit, (b) Sawyer - Tower circuit empoying
virtual ground.

2.2.2.1 P-E loop measurement

The ferroelectric measurements have been carried out using Radiant Technologies Pre-
cision Workstation. A Sawyer-Tower circuit is a standard procedure to measure ferro-
electric samples as shown in figure 2.3a. The sample to be measured (device under test)
is placed in series with a standard capacitor (sense capacitor). As both the capacitor
acquires same charge upon applied voltage, the polarization can be calculated using the
relation below. In Sawyer Tower circuit is modified to avoid back voltage and parasitic

capacitance by introducing a virtual ground circuit as shown in figure 2.3b. In this mea-
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surement, a triangular 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 (;:C/cm?)

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

2.7)

The ferroelectric tester used here, could be employed for measurements up to volt-
age (V) of 4 kV and maximum frequency of 1 kHz. The cylindrical ceramic pellets
were painted with silver or gold sputtered to from a capacitor. While measuring the P-E
loop, the following facts have been considered. In some compounds, the coercive field
can be as high as 150 kV/cm. As there is a restriction in the upper limit, the capacitor
thickness (t) is reduced to 150 - 300 pum to reach a high field (E = V/t). Also, at low
frequency the conductive contribution will have significant contribution and hence a
higher frequency (~ 1 kHz) is preferred. If the experiments are conducted in air, the air
molecule breaks down at high field resulting a spark between the electrodes. To prevent

this, the capacitor is immersed into an oil bath (silicon oil).

2.2.2.2 Pyroelectric current measurement

In improper ferroelectrics where the polarization value is small, conventional P-E loop
measurements are not effective. For all the improper ferroelectrics, pyroelectric mea-
surement is widely used. In this measurement, the compound is cooled below the fer-
roelectric transition by applying a electric voltage. At the lowest temperature, the ca-
pacitor is shorted for a long time to remove the stray charges. The pyroelectric current

is then measured against time and temperature. The polarization is calculated using
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2.2.3. Dielectric measurement

expression,

P=-—— (2.8)

2.2.3 Dielectric measurement

In ferroelectric compounds, the dielectric constant shows an anomaly and above Tcg
follow Curie law. Thus dielectric measurement is a complimentary to the PE loop mea-
surements. Other than ferroelectric compounds, the thesis presents detailed dielectric

behavior of few compounds.

2.2.3.1 Capacitance and loss measurements

By definition, dielectric is an insulator which can be polarized by an electric field. As it
is an insulator, no current can flow when charged with a DC voltage. The charge stored
in a capacitor is expressed as () = C' x V. For a parallel plate capacitor with area A

and thickness d, the capacitance is written as

€€ A

==

(2.9)

where, € and ¢, are the permittivity of vacuum and relative permittivity. The induced

polarization can be expressed as,

P = co(e, — 1)E (2.10)

As the AC measurements gives a complex dielectric constant (¢) in terms |¢f| and
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loss (tan d), the real (e;) and imaginary parts (e:) are calculated from the relations,

* ’ .o
€. =€, — J€,

and 2.1D)

€
tanf = =
€

r

Dielectric systems are studied by measuring, dielectric constant (C') and loss (tan §)
as a function of temperature and frequency. When an AC signal (v sinw t) is applied,
the parameters vy and measurement frequency f (w/27) can be varied. As the stimulus
is AC, it results in real and imaginary parts of dielectric constants. While the real part
signifies the amount of energy stored, the imaginary part represents the energy lost. The
frequency dependence of dielectric constant and loss is of particular interest to identify

the nature of phase transition or relaxation behavior.

(2) (b)
z1 [= - zx
| ) T Zx t R
ac oz v
) Z2 QsC
z2 _ z3 °
osc Vi
Bridge method Auto balancing bridge method

Figure 2.4: Bridge method and auto balancing bridge for dielectric capacitance mea-
surements.

The capacitance is obtained indirectly by measuring impedance (Z = 1/jw C; j =
v/ —1) which is the AC analog of DC resistance. The simplest method to measure

impedance (Z,) is bridge method as shown in figure 2.4a. Most commercially available
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2.2.3. Dielectric measurement

instruments (Agrement products) uses an auto balancing bridge (figure 2.4b) which
maintains a virtual ground at a point L. The impedance Z, is calculated using voltage

measurements at High terminal /' and that across R.

g

E Dipolar
(Rotational)

I}

Atomic Electronic

10° 10 10 10 10 f, Hz
MW IR v uv

Figure 2.5: Frequency response of dielectric mechanisms.

Dielectric relaxation is another aspect which is widely used to characterize a dielec-
tric material. When an AC signal is applied, the dipoles try to follow the polarity of
the signal. Although, at low frequency dipoles can follow the signal, at high enough
frequency (f > f.) it can not and thus relaxes. Above relaxation frequency f., the
dielectric constant value decreases with a corresponding peak in the loss part. If the
system is homogeneous having same relaxation times for all the dipoles, the real and

imaginary constant follows Debye law.

€0 — €x
I -3 2.12
e(w) =€ Tt jor (2.12)

where, €; and €, are the dielectric constant at zero and infinite frequency and 7 is

relaxation time.
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Microscopically, four types of of mechanisms can contribute to the dielectric fea-
ture namely, ionic, dipolar, atomic and electronic. The frequency dependence of these
contribution is shown in figure 2.5. In the working frequency range (40 - 110 MHz) of
Agilent 4294 A Impedance analyzer, all the four mechanisms contribute to the dielectric

behavior.

2.2.3.2 Experimental set-up for low temperature measurements
To probe a dielectric or ferroelectric transition, it is essential to record temperature
dependence of dielectric constant or polarization. Temperature dependence of dielectric

Ferroelectric
Tester

Oil | Vimex = 4 kV

Capacitor * F -

Sample Holder

Impedance |,

Anal
nalyzer . J
- . : B B - "
LABVIEU—( Electrometer |[€—— [ 'l sc

/Afmgne‘l‘

Temperature |_ \l Capacitor |

Controller |~
4

g
Pt 100 sensor, Nichrome heater / 15T SC Magrle}

Figure 2.6: The 14T magnet system for low temperature high magnetic field measure-
ments.

constant with frequency dependence can give a microscopic insight of the material.

Also, to study cross coupling of order parameters in multiferroic compounds, dielectric
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2.2.4. Magnetic properties

or ferroelectric measurements are required to measure under a magnetic field. For this
purpose we have made a set-up which can be used in the temperature range 10 - 400 K
and at high magnetic field up to 15 Tesla. In a custom made sample probe assembly,
Pt100 temperature sensor and cartridge heater (Lakeshore Cryogenics) were installed
in a rectangular copper block. For dielectric measurements, good quality coaxial cable
was used for connections from sample probe assembly to the Impedance analyzer or
electrometer. For dielectric measurements, a 4TP (four terminal pair) to 2 TP (two
terminal pair) configuration is used. To monitor and control temperature, sensor and
heater were connected to Lakeshore 330 temperature controller. Finally, the impedance
analyzer and temperature controller were interfaced using LABVIEW to collect data
with computer control. The arrangements are schematically shown in figure 2.6. To
subtract the cable capacitance, open and close loop corrections were performed before

the measurement.

For pyroelectric measurement, the electrometer Keithley 6517A was used to mea-
sure the pyrocurrent. This meter is capable of measuring very high resistance and low
current (2 pA). The electrometer is interfaced with the temperature controller to collect
pyroelectric current against time and temperature simultaneously. Prior to the measure-
ment, the stray current due to cable are nullified. As the measured current is very small

(~ 10712 Amps), the sample holder should be well shielded.

2.2.4 Magnetic properties

Magnetic properties were studied by DC as well as AC magnetization measurements.

The basic principle of magnetic measurements follow Faraday’s law. As the second law
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states that the change of magnetic flux (¢ = B - A) with time would generate a voltage

(e) which is proportional to rate of change of flux.
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Figure 2.7: Schematic diagram for (a) DC magnetization and (b) AC susceptibility
measurements in physical property measurement system.

2.2.4.1 DC magnetization

DC magnetization measurements have been carried out in a vibrating sample magne-
tometer (VSM). As the name suggest, sample vibrates inside a pickup coil with a de-
fined amplitude (A) and frequency (f) in a static magnetic field (H). The block diagram

is shown in figure 2.7a. The voltage V¢,; induced in the pick up can be rewritten mod-
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ifying equation 2.13 as,

dt oy (2.14)
4
Z(%)(%)

For a sinusoidally oscillating sample, the voltage is given by,

Voot = 21 fCmAsin(27 ft) (2.15)

where m is the magnetic moment of the sample and C is a coupling constant.

2.2.4.2 AC susceptibility

The AC susceptibility measurements are performed in presence or absence of a static
magnetic field while the sample position is kept fixed. Instead an AC magnetic field

(H = Hysinwt) is applied. The AC susceptibility can be defined as,

X f— d_M
dH (2.16)
X =x +5xX"

As in the case of DC measurements, susceptibility is defined as y = M/H, the AC
susceptibility can be considered as the slope of the M-H hysteresis loop.

An AC-susceptometer consists of three coils, a primary coil, and two secondary
coils. The sample is placed at the centre of one of the secondary coil. The coils are
wound in such way that in absence of sample, signal generated from both the secondary
coils cancel each other. The primary coil which surrounds (in most cases), produces
an AC magnetic field. The two components of susceptibility (y’ and y”) are extracted

using a circuit consisting of lock-in amplifier.
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In the Physical Property Measurement System, the signal detection and analyzing
technique is slightly different. The sample undergoes a five point measurement pro-
cess. The sample is successively moved to center of bottom detection coil, center of top
detection coil and again center of bottom detection coil. The signals are modified and
digitized by an analog to digital (A/D) converter and then saved as response waveform.
After these measurements, two more reading are obtained with sample placed at the
center between the two coil arrays with opposite polarities of the calibration coil detec-
tion circuit. The real and imaginary parts are calculated for each response waveform by
fitting and comparing to the driving signal. The schematic diagram is shown in figure
2.7b

Similar to dielectric measurements, the susceptibility is recorded as a function of
temperature and frequency. In complex glassy systems, both DC and AC susceptibility

are complementary to each other for complete understanding.
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CHAPTER 3

Effect of Non-magnetic lon Substitution on the

Multiferroic Properties of BiFeOg *

3.1 Introduction

In the context of magnetoelectric multiferroics, lone pair effect in bismuth and lead
based perovskite oxides has been exploited to induce ferroelectricity [13, 33, 84, 85].
Particularly, bismuth perovskites (BiMO3; where M is transition metal ion) have been
preferred over the lead compounds because of increasing health concern due to toxi-
city. In these compounds, stereo-chemically active 6s lone pair electrons do not take
part in any bonding and have been shown theoretically to be responsible for non-
centrosymmetric structure [40]. Depending on whether the M3 ion has unpaired elec-
trons or not, BiMOj3 can be magnetic or non-magnetic. It is interesting to note that
few of these have non-centrosymmetric structure which often lead to a polar state. In
the case where M3* has no unpaired electron, a ferroelectric or piezoelectric behavior
is observed whereas with M®* having unpaired electrons, the compound can be both
ferroelectric and ferromagnetic.

Perhaps, the most studied compound in the multiferroic BiMOg3 family is BiFeOs.
The crystal structure is reported to be rhombohedral with space group (R3c) [86]. It is

not only a room temperature multiferroic i.e., ferroelectric (T¢ = 1103 K) and antiferro-

*Based on this work, a manuscript has been submitted. P. Mandal, P. M. Shirage, A. lyo, Y.
Tanaka, A. Sundaresan and C. N. R. Rao Communicated
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Figure 3.1: (a) Rhombohedral unit cell of BiFeO3 showing the polarization vector to-
wards [111] direction. (b) Magnetic structure in a hexagonal unit cell showing spiral
magnetic ordering. (c) Cancelation of magnetic moment due to spiral magnetic order-
ing.

magnetic (Ty = 640 K) but also the only member in this family which can be synthesized
at ambient pressure [32]. Single crystal studies in BiFeO3 showed an electric polariza-
tion value of 3.5 uC/cm? along the [001] direction of the rhombohedral cell [87]. Later,
epitaxial thin films showed much higher value of polarization of 50 - 60 ;#C/cm? at room
temperature along the [001] direction as reported by Wang et al [88]. The highest value
of polarization (158 ;C/cm? at 90 K) has been reported in polycrystalline thin film of
BiFeO3 on Pt/Ti02/S104/S1 substrate exceeding the theoretically predicted values of 90
- 100 pC/ecm? [89, 90]. Below the Néel temperature, a G-type antiferromagnetic order-
ing is known to exist where the Fe3* (S = 5/2) moments are coupled ferromagnetically
in the pseudocubic (111) planes and antiferromagnetically between the adjacent planes
[91]. Theoretically, it has been predicted that if the magnetic moments are oriented

perpendicular to [111] direction, a net magnetization of 0.05 up/Fe can arise from
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(a) (b)
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Figure 3.2: (a) Antiferromagnetic superexchange interaction between Fe moments.
Substitution by a non-magnetic ions will increase the distance between Fe moments

affecting the exchange interaction.

spin canting due to Dzyaloshinskii-Moriya interaction [92]. In contrast, a linear mag-
netic hysteresis loop is observed in polycrystalline samples. Neutron diffraction studies
showed a spiral magnetic ordering with an incommensurate long wavelength of 620 A
along [110];, to exist below the Néel temperature which cancels out any net magnetiza-
tion (figure 3.1) and also suppresses linear magnetoelectric effect [93, 94]. There have
been several efforts to suppress or destroy the spiral magnetic ordering in BiFeO3 which
would give rise to a finite magnetization and linear magnetoelectric effect as predicted
from first principles [95]. Canonical substitution at the A or B-site in BiFeOg, epitaxial
strain or application of high magnetic field can suppress such spiral magnetic ordering
and improve the magnetic and magnetoelectric properties [88, 96—103]. Our aim in this
study was to suppress the spiral magnetic ordering and induce finite magnetization by
means of non-magnetic ion substitutions at the Fe-site of BiFeO3;. We chose trivalent
Al and Sc with ionic radii of 0.53 A and 0.74 A respectively, which are smaller and

greater than the ionic radii of Fe*" ion (0.64 A) in six coordination [104]. As shown
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schematically in figure 3.2, the superexchange path Fe — O — Fe in BiFeOs; is changed
to Fe - O - Al/Sc - O - Fe which would affect the spiral magnetic ordering. Due to
large difference between the sizes of Fe and Al/Sc, solid state route at ambient pressure
results in impurity phases. This may also be due to the fact that BiScO3 and BiAlOs are
high pressure phases [105, 106]. In this chapter, we present synthesis and multiferroic
properties of high pressure synthesized BiFe;_,M, O3 where M = Al, Sc. Solid solu-
tion is obtained up to x = 0.3 for Al and x = 0.2 for Sc. A significant improvement in
the magnetic property is observed for Al and Sc substitution. A Maxwell-Wagner re-
laxation behavior with high dielectric loss is observed in the Al substituted compounds
whereas Sc substitution showed a low loss and exhibited ferroelectric hysteresis. This
study demonstrates that multiferroic properties of BiFeO3 can be improved by possible

suppression of spiral magnetic ordering.

3.2 Experimental

As discussed previously, BiFeOj3 can be synthesized at ambient pressure by rapid liquid
phase sintering or by quenching method [107, 108]. As BiAlO3 and BiScOs are high
pressure phases, attempt of ambient pressure synthesis by solid state route resulted in
large amount of impurity phases. Thus, we have synthesized all the compounds using
high pressure technique in a cubic anvil type apparatus (RIKEN CAP - 07). The pre-
cursor oxides BiyOs3, Fe;O3, Al;O3 and ScoO3 were mixed in stoichiometric amounts
and subjected to high pressure of 4.5 GPa and heated at temperatures 1023 - 1123 K
for 2 hours. Phase purity were confirmed by X-ray diffraction in a Bruker D8 Ad-

vance diffractometer and the profile refinements were carried out using Fullprof soft-
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ware package [109]. Magnetization behavior was studied by a vibrating sample mag-
netometer (VSM) in a physical property measurement system (PPMS). For electrical
measurement, silver paint was applied on both sides of the cylindrical pellets. Fer-
roelectric hysteresis loop (PE) was recorded in the Radiant ferroelectric tester (RT66).
The sample holder was immersed inside an oil bath which helped to use maximum volt-
age of 4 kV of the amplifier. For dielectric measurement, the capacitor was mounted in a
custom made sample probe assembly and inserted in a 15 T cryo-cooled magnet system
to collect temperature dependent capacitance and loss data. Agilent 4294A impedance
analyzer was used to study dielectric behavior in the frequency range 100 Hz to 1 MHz

by applying an AC bias.

3.3 Results and discussions

3.3.1 Structure

Room temperature X-ray diffraction data collected for the compounds indicated that
the solid solution exist up to x = 0.3 for Al and x = 0.2 for Sc substitution. The pro-
file refinements confirmed rhombohedral structure (Space group R3c) at room tem-
perature, similar to the parent compound BiFeO3. Beyond these limits, substitution
of Al and Sc results in the formation of excess impurity phases such as BiysAloOy,
Bi; Al4Oy, BissFeOy, BisFe,Og etc. Figure 3.3 shows profile refinement for the com-
pounds BiFe( gAly 103 and BiFe;9Scy.103. The lattice parameters obtained from the
refinements are plotted in figure 3.4 and are found to vary linearly with concentration
following Vegard’s law. As the ionic radius of Fe*" is greater than AI** and smaller

than Sc®*, the lattice parameters a and ¢ decreases for Al and increases for Sc substi-
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Figure 3.3: profile refinements of (a) BiFe;9Aly103 and (b) BiFej¢Scy 103 at
room temperature. Asterisk indicates presence of a non-magnetic impurity phase of
Bi;0,.COs.
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Figure 3.4: Variation of lattice parameters with (a) Al and (b) Sc concentration in BFAO
and BFSO respectively.

tuted compounds. The fact that BiFeO3 and BiScOj possess different structures, above
x = 0.2 the compounds BiFe; _,Sc, O3 forms with mixed phase of rhombohedral (Space
group R3¢) and monoclinic (Space group C2/c) structures. Although, the end members
of BiFe,_,Al,Og are isostructural (Space group R3c), the solid solution do not form in

complete range due to large difference in size between Fe** and AI®" ions. It is im-
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portant to mention that the isostructural compounds Fe,O3 and Al;O3 do not even form
solid solution but rather results in AlFeOs which is structurally different (space group

Pna2,) [110].

3.3.2 Magnetic properties

Figure 3.5 shows the field cooled magnetization curves for BiFe;_,Al, O3 compounds
collected under a magnetic field of 1000 Oe. As shown by arrows in figure 3.5, field
cooled magnetization data of the parent compound BiFeO3 shows three anomalies at
50, 200 and 250 K. Presence of these anomalies are consistent with the earlier reports
[111]. Bifurcation of ZFC (not shown) and FC curves starts below 250 K which is
attributed to glassy feature in the system [111]. The 200 K anomaly is attributed to be
due to spin reorientation transition which is a common feature in rare earth orthoferrites
[112]. At further low temperature, a spin-glass state occurs (Tsg = 29.4 K) which is
indicated by an anomaly near 50 K in the DC magnetization data. With increase in
the Al concentration, the high temperature anomalies at 200 and 250 K gets suppressed
and disappear for the compound with x = 0.2. In BiFe; 7Aly 303, none of the anomalies
are present and magnetization increases below 250 K to a plateau and further increases

below 50 K.

In contrast to Al substituted compounds, the Sc substituted compounds not not show
spin reorientation transition as can be seen in figure 3.6. The magnetization values
below 300 K, initially decrease for x = 0.1 whereas for x = 0.2 it increases. It should
be mentioned that these measurements are not actual field cooled measurements due

to the fact that the field was applied at 400 K whereas the Néel temperature is well
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Figure 3.5: Field cooled magnetization curves of BiFe;_,Al, O3 under a magnetic field
of 1 kOe.
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Figure 3.6: Field cooled magnetization curves of BiFe; ,Sc,O3 under a magnetic field
of 1 kOe.
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Figure 3.7: Magnetic isotherms of (a - b) BiFe; ,Al, O3 and (c - d) BiFe;_,Sc,0O3
collected at 5 and 300 K.

above 400 K. Magnetic isotherms data collected at 5 and 300 K are shown in figure 3.7

(a - b) for Al and (c - d) for Sc substituted compounds. It is clear from the plot, that

the parent compound shows a linear hysteresis behavior which is expected for spiral

magnetic ordering. Substitution of either Al and Sc induces a finite magnetization at low

temperature as well as at room temperature. With increasing Al and Sc concentration,

the magnetization value increases. These results suggest suppression of spiral magnetic

ordering and thus inducing finite magnetization.

3.3.3 Dielectric properties

Before discussing ferroelectric properties we examine the dielectric features in these

compounds. All the BiFe;_,Al,O3 compounds show a step like increase in dielectric

constant value above 200 K. The corresponding loss data show peaks at temperatures
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Figure 3.8: Temperature dependence of (a) dielectric constant (¢,.)and (b) loss (tan d) of
BiFeo'gAlo,log

slightly below the dielectric constant step. Both dielectric constant and loss values
are highly frequency dependent and dielectric constant value decreases with increasing
frequency. Due to the lossy behavior, AC bias of 50 mV was used for the dielectric mea-
surements. As all three compounds show similar feature, the temperature dependence
of dielectric constant and loss is shown only for BiFej gAly 103 (figure 3.8). Above 200
K, alarge dielectric constant (~10%) is observed which is high compared to intrinsic di-
electric constant (50 - 100) value. This indicates the presence of extrinsic effects which
contribute to such a high dielectric constant values. Also, in the temperature range 50
- 340 K, only one relaxation is observed as seen in figure 3.8 which shows no anomaly
but a giant increase in the dielectric constant with a single peak in the corresponding

tan ¢ data. These features indicate a Debye-like relaxation process which is common
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Figure 3.9: (a) Activation energy calculated from the loss data fitted to Arrhenius equa-

tion for BiFe( gAlj 103. (b) Activation energy as a function of Al concentration.
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Figure 3.10: Dielectric constant and loss features in BiFe,; ,Al,O3. The inset shows
dielectric constant at low temperatures.

in many lossy oxide materials known as the Maxwell-Wagner relaxation. In polycrys-
talline samples, this behavior can arise due to polarization at the grain boundary - ma-
terial and/or electrode-material interfaces [113, 114]. Usually in this temperature and
frequency regime, grain boundary polarization is responsible for the Maxwell-Wagner

effect. This will be discussed in more detail in the next chapter.

The loss peaks in figure 3.8 denotes the dielectric relaxation frequency. As the
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relaxation process is thermally activated, the relaxation time (7 = 1/ f) follows Arrhe-
nius equation. The activation energy E, for this relaxation has been calculated from
the equation f = foe_’c% where f is the relaxation frequency, f is prefactor and kp
is Boltzmann constant 8.617x 10~> eV/K. The linear fit results in an activation energy
of 0.34 eV for the compound BiFe 9gAly 103 as shown in figure 3.9 (a). With Al sub-
stitution, activation energy initially decreases for x = 0.1 and then increases linearly.
Dielectric features have been compared at a fixed frequency of 50 kHz as shown in fig-
ure 3.10 (a-b). At room temperature, the dielectric constant values decreases with Al

concentration above x = 0.1. Similar feature is also observed at low temperatures as

shown in the inset of figure 3.10.

Figure 3.11 and 3.12 show the temperature dependence of dielectric constant and
loss for Sc substituted samples. Unlike the BiFe; ,Al,O3 compounds, the dielectric
constant as well as the loss values in Sc compounds are significantly less and do not
exhibit a step like increase. The €, and tand values increase with temperature and shows
a frequency dispersion. This may indicate a Maxwell-Wagner relaxation at higher
temperature. Coinciding with the dielectric constant increase, a loss anomaly is visible
near 250 K in BiFe( ¢Sc( 103. Room temperature frequency dependence of dielectric
constant and loss in BiFe;_,Sc, O3 is depicted in figure 3.13 where dielectric constant is
plotted in the left axis whereas loss values are shown in the right axis. In the frequency
region of 100 to 1 MHz, dielectric constant values vary between 140 to 80 and also the
corresponding loss values vary between 0.1 to 0.03. It can be clearly observed that at
high frequency region where the dipoles contributing to Maxwell-Wagner effect do not

respond, the dielectric constant value is higher in the compound with x =0.1. Compared
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Figure 3.11: Temperature dependencies of (a) dielectric constant (¢,.) and (b) loss (tand)
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Figure 3.13: Room temperature dielectric constant and loss behavior of BiFe;_,Sc,Os.

The data of BiFeOjs is shown in inset for comparison.

to the parent compound BiFeOs, dielectric constant are nearly ten times higher whereas
the loss values are 100 times lower at low frequency. Thus, Sc substituted compounds

show improved dielectric properties compared to BiFeO3 and BiFe;_,Al, Os.

3.3.4 Ferroelectric properties

In BiFe;_,Al,O3 samples, we could not measure PE loop due to high DC conductivity
as also indicated from the dielectric measurements. On the other hand, BiFe;_,Sc,O3
which showed improved dielectric features, the PE loops are shown in figure 3.14a and
b. At lower voltages, the PE loops do not saturate and rather appears to be leaky. When
the loop was measured at relatively high voltage and at high frequency of 1 kHz, a nearly
saturated loop is obtained for BiFe; ¢Scy 103 compound. The maximum polarization

value obtained is Pg = 3.7 ;C/cm? with remnant polarization of 2.37 uC/cm? and a
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Figure 3.14: PE hysteresis loop in (a) BiFe;_,Al,O3 and (b) BiFe( ¢Alj 103

coercive field of 57 kV/cm. As thickness of the pellet could not be reduced below 400
pm and the maximum voltage is restricted to 4 kV, we could not obtain a saturated loop.
It can be easily observed that when the measurement frequency is varied, the loop shape
changes significantly as shown in figure 3.14b. This also indicates the contribution from
dielectric loss or the DC conduction. In a ferroelectric capacitor of area A having a finite

conductivity o, the measured or switched charge (Q) in time ¢ can be represented as,

Q =2P.A+0FAl 3.

where, the first term is the polar contribution and the second term arises from the fi-
nite DC conduction or loss. It is important to mention that this lossy contribution can
be avoided at very high frequency where the dipoles can not follow the measurement
frequency. We could not employ this technique due to our instrument limitation where
above 1kHz frequency the number of data points become significantly less. Room tem-

perature saturated ferroelectric P-E loop, has been reported in high quality epitaxial
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thin films and also in polycrystalline samples of BiFeO3 [88, 108]. In ceramic sam-
ples, ferroelectric measurements are mostly hindered by loss or leakage current which
arises due to oxygen defects. In BiFeOs, leaky hysteresis behavior arises from finite
DC conduction due to presence of Fe?>* ions which consequently leads to oxygen va-
cancies [115, 116]. Quality of precursor Fe;O3 and synthesis route have been observed
to dramatically affect the phase purity and thus ferroelectric properties of BiFeO3 [117].
However, several preparation methods such as rapid liquid phase sintering or quench-
ing have been employed to avoid these issues [107, 108]. High pressure synthesis at 6
GPa has also been shown to be effective to control the stoichiometry and obtaining a
saturated PE hysteresis [118]. In the present case although high pressure technique was

adapted, the compounds were prepared at relatively low pressures (4.5 GPa).

3.4 Conclusions

BiFe,_,Al,O3 and BiFe; _,Sc, O3 have been synthesized using high pressure technique.
Solid solution with a rhombohedral structure (R3c) could be obtained up to x = 0.2 and
0.3 for Al and Sc substitutions respectively. Finite magnetization observed at room
temperature suggest suppression of the spiral magnetic ordering. The Al substituted
BiFeO3; compounds exhibits Maxwell-Wagner relaxation whereas the Sc compounds

showed improved dielectric and ferroelectric properties.
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CHAPTER 4

Structure, Magnetism and Giant Dielectric
Constant of BiCrg 5Mng 503 Synthesized at
High Pressures]L

4.1 Introduction

In the context of multiferroic materials [13, 33, 84, 119], there has been wide inter-
est in the study of bismuth-based transition metal oxides of the type BiIMO3; (M= 3d
transition metal) because of their structural peculiarities as well as promising physi-
cal properties [51, 88, 120—122]. For example, though both La3* and Bi** ions have
similar ionic radii (1.16 A and 1.17 A respectively in nine-fold coordination) [104],
LaFeOj crystallizes in a centrosymmetric orthorhombic structure (space group Pnma)
while BiFeOj3 has a noncentrosymmetric rhombohedral structure (R3c¢) [86, 123]. Ori-
gin of the noncentrosymmetric distortion is attributed to the stereochemical activity of
6s lone pair electrons of Bi** ions [40]. Thus, BiFeOs is multiferroic where the fer-
roelectricity (Tcg = 1100 K) originates from the Bi** ions and antiferromagnetism
(Tx = 650 K) appears due to ordering of Fe** (S=5/2) moments [32, 88]. Among the
BiMOg3 (M = transition metal) series, BiMnOjs has also been extensively studied with re-
spect to structure, magnetism and ferroelectric properties because it is the only material
reported to be ferromagnetic with a Tc of 105 K [51, 124]. Although there was an in-

dication of ferroelectricity in multiphasic sample of BiMnOg [125], later investigations

"This work has appeared in J. Mater. Chem., 20, 1646 (2010)
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on bulk samples as well as thin films have not confirmed ferroelectricity unambigu-
ously. Unlike LaMnQOj3, which has the orthorhombic structure (Pnma), an early neutron
diffraction study showed BiMnOj3 to possess a highly distorted noncentrosymmetric
monoclinic structure (C2) [126]. Recent studies based on convergent beam electron
diffraction, however, show the presence of a centre of inversion symmetry [127, 128].
Theoretical calculations also suggest a centrosymmetric space group (C2/c) for ideal
BiMnOs [129]. Very recently, selected area electron diffraction studies have revealed
the presence of a long-range ordered structure with C2 symmetry and short range or-
dered structure with P2 or P2; symmetry [128]. Oxygen nonstoichiometry has also
been reported to have a great influence on the structure and magnetism of BiMnOs
[130, 131]. On the other hand, BiCrO3 has a centrosymmetric monoclinic structure
(C2/c) and undergoes a long range G—type antiferromagnetic ordering at Ty = 109
K with a weak ferromagnetic component [121, 122, 132]. These isostructural com-
pounds differ on their monoclinic angles which are 110.66 ° and 108.56 ° for BiMnO3
and BiCrOj respectively [122, 127]. It is worth noting that BiAlOj is ferroelectric and
has non-centrosymmetric structure similar to BiFeO3 [106, 133] whereas BiGaO3 and
BiScO3 possess centrosymmetric structure [105, 128]. It, therefore, appears that the
Bi®" ion with the 6s lone pair does not always cause a noncentrosymmetric structure.
It is noteworthy that except BiFeOs, which is a room temperature ferroelectric and an-
tiferromagnetic compound, all the other bismuth-based BiMO3 compounds (M= Sc,
Cr, Mn, Co and Ni) require high pressures to stabilize them in the perovskite structure

[51, 105, 120, 121, 134].

Bismuth-based oxides with two different magnetic ions at the B—site can show
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interesting magnetic properties due to various exchange couplings arising from their
differing magnetic moments and symmetry of the orbital involved. For example, the or-
dered oxide, Bi;NiMnOg, is a ferromagnet with a high Curie temperature (T¢ = 140 K)
according to the Goodenough-Kanamori (GK) rules and ferroelectric (Tcg = 485 K) due
to Bi** ions [135, 136]. It was theoretically predicted that the compound Bi,FeCrOg
would be an ordered perovskite where Fe3* and Cr®* would order along the cubic (111)
direction to give a rock-salt type ordering with a high ferrimagnetic transition temper-
ature [92]. However, experimental results on polycrystalline samples have shown that
Fe and Cr ions are disordered at the B-site of the rhombohedral (R3c¢) structure with a
collective magnetic ordering at 130 K likely to be due to frustration arising from Fe?"
— O —Fe3t, Cr3* — 0 - Cr** and Fe?™ — O — Cr** magnetic interactions [137]. Later,
ordering of trivalent Fe and Cr ions was confirmed in epitaxial thin films [138, 139].
A checkerboard type of ordering between Fe and Mn ions was in BisFeMnOgz while
experimentally a double zigzag type of ordering has been indicated in high pressure
synthesized compounds [140, 141]. This motivated us to synthesize and study the struc-
ture, magnetism, multiferroic properties of BioCrMnQOg. The combination of transition
metals was chosen because certain oxidation states of Cr and Mn (Cr®t and Mn?*:
d? and d*) can be expected to exhibit a ferromagnetic ground state on ordering at the
B-site. Contrary to this expectation, BiCry 5Mng 503 is not an ordered compound and
adopts the BiCrOj structure (C2/c) with a monoclinic angle of 108.140(2)°, undergoing
a phase transition around 650 K. Owing to the disordered structure the compound orders
antiferromagnetically at 96 K and below Ty shows a frustrated magnetic behavior. The

compound interestingly exhibits a giant dielectric constant over a broad temperature
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and frequency range similar to CaCu3Ti;O15 and related materials. This is explained in
terms of extrinsic contribution from grain boundary and electrode — material interface

due to Maxwell — Wagner relaxation.

4.2 Experimental

As mentioned previously, except BiFeOs, other BIMOj5 requires high pressure to stabi-
lize. Attempt of ambient pressure synthesis of Bi,CrMnOg by solid state route resulted
formation of impurity phases. Polycrystalline Bio,CrMnOg was synthesized under high
pressure and high temperature employing a cubic anvil type apparatus (RIKEN CAP-
07) as described in 2. Stoichiometric amounts of preheated Bi;O3, Mn,O3 and CryO3
were mixed, ground well inside a glove box and pressed into a cylindrical shaped pellet.
The pellet was placed inside a gold capsule and reacted at a temperature of 1073 K and a
pressure of 4.5 GPa. Phase purity was confirmed by Bruker D8 Advance X-ray diffrac-
tometer. A software package Fullprof [109] was used to analyze the structural data and
perform Rietveld refinement. Differential scanning calorimetry data were collected on
Q2000 system (TA instruments). Magnetic properties were characterized by DC and
AC susceptibility measurement in a Physical Property Measurement System (PPMS,
Quantum Design, USA). Dielectric measurements were carried out with an Impedance
Analyzer (Agilent 4294A) using coaxial cable wire in a 4TP — 2T configuration. Silver
paint or sputtered gold was used as electrode and the sample was placed in a custom
made sample holder which is inserted into the sample chamber of a cryo — cooled 15
tesla superconducting magnet system (Cryo Industries of America Inc.). At high tem-

perature (> 300 K), dielectric properties were measured by depositing gold on either
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side of the pellet and using a spring loaded sample holder.

4.3 Results and discussion

4.3.1 Structure

In figure 4.1, Rietveld refinement on the room temperature X-ray diffraction (XRD)
pattern of BiCry 5Mng 503 is shown based on the centrosymmetric monoclinic structure
with space group (C2/c). The structural parameters of BiCrO3; and BiMnO3 were used
as initial parameters for the refinement in space groups C2 and C2/c. The centrosym-
metric space group C2/c was found to fit better than the non-centrosymmetric space
group C2. The refined lattice parameters obtained from the Rietveld refinement are a=
9.4590(3) A, b= 5.5531(2) A, c= 9.6465(3) A and 3 = 108.149(2)°. The observed
monoclinic angle is very close to that reported for BiCrOs. The other structural param-
eters obtained from the refinement are given in Table 4.1. Because of the presence of
extra peaks due to unknown impurity phases the x? value is slightly higher but the pa-
rameters with standard errors are quite acceptable. As we could not identify the nature
of impurity phase, the extra peaks are excluded in the refinement. There are two crys-
tallographic sites for the transition metals in the space group C2/c. Since it is difficult to
determine the distribution of Cr and Mn ions over the sites 4d and 4e using laboratory
X-rays, we distributed these ions equally among the two sites. This reflects that though
we anticipated ordering between Cr and Mn ions, these ions are disordered at the B-
sites. Selected bond lengths and angles are given in Table 4.2. The Bi-O and average
Cr/Mn-O bond lengths are comparable to those observed in BiCrO3 and BiMnO3. Bond

valence sum (BVS) calculated from the bond lengths are consistent with the trivalent
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Figure 4.1: Rietveld refinement on the room temperature X-ray diffraction data. Ob-
served (dots) and calculated (line) X-ray diffraction pattern of BiCry 5Mng 503 at room
temperature. The bottom curve shows the difference pattern and the vertical marks are
the symmetry allowed Bragg reflections.

states of Bi, Cr and Mn ions. The absence of long-range ordering of the transition metal
ions is further supported by the magnetic properties where we do not see ferromagnetic

ordering expected from the presence of Cr**(d?®) and Mn®*(d?) ions.

4.3.1.1 High temperature X-ray diffraction

Structural change from low symmetry to a higher symmetry has commonly been ob-
served in the related materials. For example, the compounds BiMnO3 and BiCrOj are
reported to show a structural change from monoclinic (C2/c or C2) to orthorhombic
(Pnma) at high temperatures. This transition from low to a high symmetry was at-
tributed to ferroelectric to paraelectric transition [51, 132]. Though, so far there is no

clear indication of ferroelectricity in these compounds and it is believed that ferroelec-
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Table 4.1: Crystallographic data of BiCrj 5Mn 503 at room temperature

Atom Wyck. Oxida- X y z Biso Occ.
Position tion
Bi 8f +3 0.1328(1) 0.2172(2) 0.1287(2) 0.68(2) 0.952(3)
Crl 4e +3 0.0000 0.2303(8) 0.75 0.82(6) 0.25
Mnl 4e +3 0.0000 0.2303(8) 0.75 0.82(6) 0.25
Cr2 4d +3 0.25 0.25 0.50 0.82(6) 0.25
Mn2 4d +3 0.25 0.25 0.50 0.82(6) 0.25
o1 8f -2 0.089(1) 0.205(2) 0.584(1) 1.000 1.00
02 8f -2 0.149(2) 0.557(2) 0.378(2) 1.000 1.00
03 8f -2 0.351(2) 0.541(2) 0.164(1) 1.000 1.00

a=9.4662(3) A; b= 5.5577(2) A; c=9.6538(4) A; B = 108.140(1)°;
x>=6.11;R, =10.6; R, = 10.6; Rp = 11.7;
RBregg = 10.6 ; RF factor= 4.34

Table 4.2: Selected bond lengths (A), angles (°) and bond valence sum (BVS) of
BiCry 5Mn( 503 at room temperature

Bond length(A)/Angle®
Bi- Ol 2442)  2.402)  3.20(2)
Bi- 02 227(3) 2.80(3)  3.0003)
Bi- 03 2.193)  2.68(2) 2.96(2) 3.22(3)

Crl/Mnl - Ol 2.03(2) x 2
Crl/Mnl - 02 1.94(2) x 2
Cr1/Mn1 - O3 2.06(2) x 2
Cr2/Mn2 - Ol 1.96(2) x 2
Cr2/Mn2 - 02 2.13(2) x 2
Cr2/Mn2 - O3 1.95(2) x 2

BVS Bi 2.90 (1)
BVS Crl/Cr2 2.94 (7)
BVS Mn1/Mn2 3.23 (8)

tricity is forbidden owing to the centrosymmetric structure. High temperature X-ray
diffraction data reveal the occurrence of a structural change from the monoclinic (C2/c)
to an orthorhombic (Pnma) phase as shown in figure 4.2. The monoclinic-orthorhombic
transition is complete at 873 K, but we observe coexistence of the two phases in the

XRD patterns collected at 673 and 773 K. At these temperatures, a better fit was ob-
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Figure 4.2: X-ray diffraction patterns at high temperatures showing monoclinic to or-
thorhombic transition.
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Figure 4.3: Differential scanning calorimetry curves show that the monoclinic to or-
thorhombic transition is reversible.
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tained for a mixture of C2/c and Pnma phases. Coexistence of the two phases is consis-
tent with the first order nature of the phase transition. An endothermic peak at 650 K in
differential scanning calorimetry (DSC) confirms the occurrence of the phase transition
and its first-order nature. The DSC curves in figure 4.3, show the peaks at different
temperatures while heating and cooling as expected of a first-order transition. Interest-
ingly, the transition temperature of BiCry 5Mng 503 is between that of BiMnO3 (~770
K) and BiCrO3 (~440 K) [51, 132]. At 873 K, the refined lattice parameters obtained
from profile fit for the Pnma space group are a = 5.5878 (4) A, b=7.8606(7) A and ¢

—5.4979 (4) A.

4.3.2 Magnetic properties

4.3.2.1 DC magnetization

Figure 4.4 shows the variation of the molar susceptibility under zero field-cooled (ZFC)
and field — cooled (FC) conditions measured under a magnetic field of 100 Oe. Three
clear anomalies are observed at 25, 53 and 96 K which disappear on applying a high
magnetic field of 10 kOe (see inset (a) in figure 4.4). Furthermore, the ZFC-FC curves
coincide in the entire temperature range accompanied by a rise in susceptibility below
100 K. Above 100 K, the low field susceptibility follows Curie-Weiss behavior. The
data is fitted to the Curie-Weiss law, xy = C/(T — ) where C is the Curie constant
and 6 is Weiss temperature. From the fit, we obtain the effective magnetic moment
tefs = 4.16 up and the Weiss constant ¢ = +59 K. The value of /.. is close to the spin
only value of 4.42 up expected for Cr3*— Mn*" configuration. The Weiss constant for

BiCrOs is negative ( — 359 K) whereas it is positive (126 K) for BiMnOj indicating the
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Figure 4.4: Molar susceptibility versus temperature curves showing three anomalies
at 25, 50 and 97 K. The irreversibility between ZFC and FC curves below 97 K indi-
cates the canting of magnetic moments. Inset (a) shows the temperature dependence
of magnetization at 10 kOe and (b) shows the magnetization versus field at various

temperatures.

change in the nature of magnetic interaction from antiferromagnetic to ferromagnetic
in the parent compounds [51, 132]. The positive intermediate value of ¢ = 59 K in
BiCry 5sMng 503 is reasonable considering that both the end members have the mono-
clinic structure.

The magnetic behavior of BiCr( sMn 503 is similar to the parent compound BiCrOg
which shows three anomalies at slightly higher temperatures (40, 70 and 109 K) in the
DC magnetization data [121]. The decrease in the magnetic transition temperatures in
the former can arise due to the dilution of the Cr** ions in BiCrOj lattice with Mn3*

ions. As in the case of BiCrO3 , where the low-temperature anomaly at 40 K disappears
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upon applying high fields, all the three anomalies in BiCry ;Mng 503 disappear as seen
in inset (a) of figure 4.4. Inset (b) in figure 4.4 shows the magnetic isotherms at 10,
40 and 70 K. At 10 K, the compound shows a hysteresis behavior without saturation
indicating a weak ferromagnetic behavior at low temperatures. This is consistent with
the fact that Cr3* and Mn>" ions are disordered at the B — site. The M-H loop becomes

feeble with increase in temperature and at 70 K it becomes almost linear.

4.3.2.2 AC susceptibility

Ac susceptibility data of BiCry5sMng 503 were collected at different frequencies from
100 Hz to 10 kHz under an applied AC field of 5 Oe. The real and imaginary parts of the

AC susceptibility show three anomalies in agreement with the DC magnetization data.
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Figure 4.5: AC susceptibility data plotted against temperature at different frequencies.
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The real part x’ shows a small frequency dispersion below the first anomaly at 25 K
whereas the imaginary part y” shows a frequency dispersion between the first and third
anomalies. The peak positions do not shift near the anomaly at 70 and 110 K. Though,
there is a weak frequency dependence in X’ and y” data near 25 K anomaly where peak
in real parts shift towards higher temperature and in imaginary part peak anomaly shifts

towards lower temperature. This feature is close to the parent compound BiCrO3 [121].

4.3.3 Dielectric properties

As the room temperature structure is centrosymmetric, we do not expect ferroelectricity
in this compound. This is confirmed by measuring P — E hysteresis loop which showed
a linear curve. Though this material is not ferroelectric, dielectric properties can still be
interesting and important for various applications such as capacitors, sensors, actuators,
resonators, filters and memory devices [142]. Figure 4.6 depicts the dielectric constant
(¢,) and loss tangent (tand) behavior at different frequencies in the temperature range
20 — 400 K (applied AC bias of 0.5 Volt). This compound exhibits a high dielectric
constant (~14000 at 1 kHz) and loss (~ 0.95) at room temperature. Starting from a low
value (~ 100), the dielectric constant increases rapidly above 200 K to unusually high
values (~10%) with an anomaly around 300 K as shown in figure 4.6a. This behavior
is frequency-dependent and the peaks shift towards high temperature with increasing
frequency. The loss data in figure 4.6 show frequency-dependent peaks corresponding
to the dielectric constant peaks. In this temperature range, the loss peaks due to the
second anomaly is visibile only at lower frequencies. Interestingly, the loss peak corre-

sponding to the first anomaly appear at lower temperatures than the dielectric constant
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Figure 4.6: Temperature dependence of (a) relative dielectric constant (¢,) and (b)
loss (tand) showing a giant dielectric constant at room temperature and two dielectric
anomalies. Inset (a) shows two clear anomalies at low frequency (100 Hz) dielectric
constant data. The dielectric anomaly at 650 K as shown in the inset of figure (b) is
associated with the structural phase transition.

peak whereas it appears at a slightly higher temperature in case of second anomaly.
Two relaxation processes seems to be associated with the dielectric anomalies below
400 K. This becomes evident from the dielectric constant data at 100 Hz shown as
an inset (a) in figure 4.6 and the loss data in figure 4.6b. The first anomaly may be
related to Maxwell-Wagner relaxation due to the interfacial polarization at the grain
boundaries. This phenomenon is common in heterogeneous systems where there is a
difference between the grain and grain boundary conductivities due to which surface
charges pile up at the interface, giving rise to a Debye-like relaxation on application

of AC bias [143, 144]. As there is no structural transition around the second dielectric
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anomaly (300 K), we assign it to possible hopping of electrons among the transition
metal ions. Detailed analysis show that the second relaxation is due to conduction pro-
cess as discussed below. In addition to these two anomalies, the dielectric constant
at high frequency (1 MHz) shows an anomaly near 640 K as shown in inset of figure
4.6(b). This anomaly is related to the structural phase transition from monoclinic to the
orthorhombic phase. The shoulder around 450 K correspond to the second relaxation

process observed in the low-temperature dielectric data.

4.3.3.1 Maxwell-Wagner relaxation

For practical applications, a material with high dielectric constant, low loss and con-
stant value over broad temperature and frequency range is desirable. Very few materi-
als satisfy all these criteria and the number of such materials useful for device appli-
cation is not therefore large. Mostly, high values of dielectric constant are observed
in ferroelectric materials near the ferroelectric to paraelectric transition in a narrow
temperature range. In past few years, giant dielectric response has been reported in
non-ferroelectric materials such as CaCusTi,O15 (CCTO) [145, 146], certain Fe-based
compounds [143, 147] and in other materials [113, 144, 148] in a broad temperature and
frequency range. Earlier studies on polycrystalline CCTO samples showed that the ori-
gin of giant dielectric constant was due to intrinsic effect arising from slowing down of
highly polarizable relaxational modes [145] or slowing down of dipolar fluctuations in
nanosize domains [146]. Later, detailed studies on polycrystalline as well as on single
crystalline samples have confirmed the contributions from extrinsic effects [113, 149]

and moreover the mechanism is believed to be different in ceramic and single crystals
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Figure 4.7: Variation of (a) real (e;) and (b) imaginary (e:) parts of dielectric constant
as a function of frequency at different temperatures. Data has been plotted in limited
range for clarity. Solid lines in (b) represent fits to modified Debye relation (see text).
Inset shows relaxation time (7) which follows Arrhenius equation for activated process.
[150, 151]. Maxwell-Wagner type relaxation either due to depletion layers at the grain
boundaries or at the electrode-material interface have also been suggested to explain the
behavior [113]. In some systems, internal barrier layer capacitance (IBLC) effect due
to Schottky barriers formation at the grain boundaries best explains the giant dielectric
constant in ceramics [114, 152]. In single crystal of CCTO, rather a different mech-
anism, electrode polarization effect at the metal-semiconductor junction is believed to
be responsible for such dielectric behavior [113, 150]. In few other materials, where

the colossal dielectric response is believed to be intrinsic, the origin is attributed to

electronic polarization [147, 148]. From application point of view, such high values of
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dielectric constant should persist up to the gigahertz region but most of these materials

show a fall in the megahertz frequency.

Figure 4.7 shows real and imaginary parts of dielectric constant plotted against fre-
quency at different temperatures. At low frequency, real part shows a plateau and then
decreases dramatically to a constant low value of €, ~ 500 at high frequencies. It should
be noted that this constant value of dielectric constant at high frequency is much higher
than the intrinsic dielectric constant of a material. The step like behavior of ¢, with
a coinciding peak in the loss spectra (figure 4.7) is typical of a Debye-like relaxation
process. However, we found that the behavior deviates from the ideal Debye relaxation
which assumes a single relaxation time (7) [153]. Rather, the behavior was found to fol-
low a modified Debye relation which includes a distribution of relaxation times defined

by a parameter « [154]. The dielectric constant was fitted with equation

(60 - E00)

1t (wn)a) 1)

(W) = € +

where €, and €., are the low and high frequency dielectric constants and o = 0 gives
the ideal Debye relaxation behavior. In figure 4.7b, solid lines through the points show
fits to the ¢, using equation 4.1. From the fitting, obtained value of « vary from 0.13
to 0.58 with temperature. The most probable relaxation times, extracted from the fit,
follows Arrhenius law

Ep
T = TgekBT

with an activation energy of 0.29 eV.
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4.3.3.2 AC conductivity

To understand high temperature relaxation process, AC conductivity (¢ = j €&), cal-
culated from the dielectric data, was analyzed in the temperature range 300 — 400 K.
Figure 4.8 shows real part of conductivity (0! = weg€”) plotted against frequency at
different temperatures. At higher temperatures, AC conductivity values become inde-
pendent in low frequency region. This excludes the possibility of pure ionic conduction
in the material. Values of DC conductivity were extracted at each temperature by extrap-
olating AC conductivity (¢’) to zero frequency. The obtained DC conductivity (Figure

4.8 inset) follows Arrhenius behavior with activation energy of 0.30 eV. This value is
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Figure 4.8: Real part of AC conductivity (¢') against frequency shown at different tem-
peratures. Inset shows DC conductivity, derived from AC conductivity plot, following
Arrhenius equation.
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comparable to the activation energy associated with the DC conduction in mixed valent
Mn compounds [155, 156]. Dielectric relaxation around this temperature is thus related
to conduction process possibly due to mixed valence of transition metal ions arising

from oxygen non-stoichiometry.

4.3.3.3 Impedance spectroscopy

Impedance study is helpful to relate electrical properties of a material to its microstruc-
ture and also to separate out the contributions from different electro-active regions
[157, 158]. Figure 4.9 shows the Nyquist or Z* (Z"” vs. Z") plot at 250 K where parts
of two semicircular arcs indicate that the electrical response is dominated by mainly
two contributions, each of which can be represented by a parallel capacitance (C) —
resistance (R) component. The intercept of a semicircle to the real axis gives R value
whereas C' can be calculated using the relation w,,7 = 1, where w,, is the angular
frequency at the arc maxima and 7 = CR is the time constant of the circuit [157].
Capacitance values extracted from Z* plots in the high and low frequency arcs are of
order of pF and nF which correspond to grain and grain boundary values [157]. Both
grain and grain boundary resistance values extracted from the circular fit were found to
follow Arrhenius law with close activation energies of 0.27 eV. This may indicate that
the grain boundary response is associated with the constriction resistance which occurs
due to necking of grains possibly due to low pellet density which gives rise to similar
behavior of grain and grain boundary resistances. This activation energy is also close
to that of the low temperature dielectric relaxation. Above 270 K, the low frequency

arc (grain boundary contribution) slightly deviates from the semicircular shape which
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Figure 4.9: Nyquist plot at 250 K (open circle) and simulated data (solid line) using
equivalent circuit as shown in figure. Inset shows the low frequency region zoomed for
clarity.

may indicate appearance of extrinsic contributions. This was confirmed by measuring
dielectric constant with different thicknesses (400 to 275 pum) and changing electrode
from sputtered gold to silver paint as shown in inset of figure 4.10. The dielectric con-
stant values are different at the low frequency region but they merge at high frequencies
which suggest contributions from extrinsic factors such as interfacial polarization or
electrode polarization effect [114]. Electrode contribution seems to play a significant
role only at high temperature as Nyquist plot shows grain and grain boundary contribu-
tions at lower temperature. Based on the following observations, an equivalent circuit
is used to model the data at low temperature as shown in inset (a) of figure 4.9. The

resistance Rg 1s assigned to account for non-zero intercept of high frequency arc to the
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Figure 4.10: Extrinsic contribution as reflected in dielectric behavior in different elec-
trodes (upper panel) and thickness variation (lower panel).

real axis and capacitance is replaced with a constant phase element CPE

1
ZcpE = c 4.2)

N(iw)n
where Cy is frequency independent term which acts like capacitance value and n sig-
nifies the deviation from the ideal capacitor behavior [158]. Simulated data (shown by
solid lines) at 250 K using the above mentioned equivalent circuit shows good agree-
ment with the experimental data. Inset (b) shows the same result zoomed at high fre-
quency region. The value of n obtained for low and high frequency arcs are 0.76 and
0.93 respectively. As expeted, the high frequency value of 7 is close to unity which

reflects the relaxation due to grain region.
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4.4 Conclusions

BiCry 5Mng ;03 has been prepared at high pressure and high temperature. The mate-
rial crystallizes in the centrosymmetric monoclinic structure (C2/c) similar to BiCrOg
and undergoes a phase transformation to orthorhombic phase (Pnma) around 640 K.
The compound orders antiferromagnetically at 98 K below which two more anoma-
lies are observed. Surprisingly, the material exhibits a giant dielectric constant at room
temperature and two relaxation processes below 400 K. Low temperature relaxation
process and giant dielectric constant is resulted from Maxwell-Wagner polarization at
grain boundary whereas the relaxation at high temperature is attributed to conduction
arising from oxygen defects. Impedance studies show that at low temperature dielectric
response is dominated from grain and grain boundary whereas at higher temperatures
electrode effects appears in the low frequency region. A good agreement was obtained
between experimental and simulated data using a equivalent circuit consisting of two

parallel C — R circuits connected in series.
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CHAPTER 5

Temperature—induced Magnetization Reversal and

Complex Magnetic Behavior in

Bi, A FeysMnysO; (x = 0, 0.5 and A = La, Sr)

5.1 Introduction

Among the bismuth based transition metal oxides, BiFeO3 received much attention be-
cause of its multiferroic properties with coupled ferroelectricity (Tcg = 1103 K) and
magnetism (Ty = 640 K). However, below Néel temperature the compounds possess a
spiral spin structure with wavelength of 620 A which inhibits any macroscopic magne-
tization [93]. For strong magnetoelectric coupling, the coexistence of ferromagnetism
and ferroelectricity is essential. One way to achieve ferromagnetism in theses oxides
would be to design an ordered perovskite Bi,MM'Og with two magnetic ions M and M’
at the B-site. With suitable choice, the rock-salt ordering of M and M’ ions can lead
to ferromagnetic behavior according to Goodenough-Kanamori rule whereas stereo-
chemical activity of 6s? lone pair of Bi*" ionss can induce ferroelectricity [10, 11, 40].
For example, BisNiMnOQOgy is ferroelectric as well as ferromagnetic where the rock-salt
type of ordering between Ni?* and Mn** gives a ferromagnetic behavior below 140
K and ferroelectricity appears due to Bi** lone pair below 485 K [135, 136]. Also,
the ambient pressure synthesized Bi;Niy 3sMny /30, though disordered, was found to

be polar [159]. An essential condition to form double perovskite is to have charge dif-

tWork has appeared in Phys. Rev. B., 82, 100416R (2010) and RSC Adv. 2, 292 (2012).
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ference of 2 - 6 and/or size difference between the B-site cations [160, 161]. Despite
close ionic radii, an ordered structure has been stabilized between Fe** — Mn3t and
Fe3* — Cr3* ions using epitaxial constrain. Ueda et. al. have reported ordering be-
tween Fe3 and Cr3*/Mn3* in LaFeOs — LaCrOj; superlattices and epitaxial thin film
of LaFe(; sMn( 503 [162, 163]. Ordering of trivalent Fe and Cr ions was also confirmed
in epitaxial thin films of multiferroic BioFeCrOg as predicted from first principle calcu-

lations [92, 138, 139].

In this work, we have chosen two most studied multiferroic perovskite of BiFeOg
and BiMnOg to form an ordered perovskite. As mentioned previously, BiFeO3 can
be synthesized at ambient pressure and posses a rhombohedral structure (R3c). The
compound is ferroelectric (Tcg = 1103 K) and antiferromagnetic (Ty = 643 K) at room
temperature. The high pressure monoclinic phase of BiMnOs3 is ferromagnetic at low
temperature (T = 105 K) whereas ferroelectricity is still controversial. Our aim in thus
study to prepare an ordered compound Bi,FeMnOg where lone pair effect of Bi ion can
induce ferroelectricity and superexchange interaction between Fe3* and Mn3* would

give rise to a ferromagnetic behavior following Goodenough-Kanamori rule.

The compound BiFej 5sMn, ;03 is found to be crystallized in orthorhombic structure
with a possible space group Pn2,m. Contrary to our anticipation, the trivalent Fe and
Mn ions do not order in a rock-salt manner but rather a double zig-zag type of ordering
is indicated from electron diffraction studies. Although our aim in this study was to de-
sign a multiferroic material but most surprisingly we observed negative magnetization
below a compensation temperature (T*). More importantly, magnetic switching behav-

1or can be observed below T* implying possible applications in memory related devices.
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Absence of rock-salt type ordering between the B-site cations leads to the presence of Fe
— O —Fe, Fe - O - Mn and Mn - O - Mn superexchange interactions. The antiferromag-
netically coupled canted moments of Fe - Fe and Fe - Mn give rise to a ferrimagnetic
like ground state and the competition between these results in negative magnetization.
When La or Sr is substituted at the Bi-site of BiFej;5Mng 503, the structure changes
to rhombohedral (space group R3c). None of these compounds exhibits negative mag-
netization indicating important role of orthorhombic distortion. Big 5Sr( 5Fey s Mng 503
(BSFMO) shows a complex magnetic behavior below Néel temperature (Ty = 226 K)

whereas Big sLag sFeg sMng ;03 (BLFMO) is a canted antiferromagnet (Ty = 220 K).

5.2 Experimental

As BiMnOgs is a high pressure phase, attempt to prepare BiFey;Mng 503 at ambient
pressure was not successful and thus high pressure technique was adopted. Polycrys-
talline samples were prepared at high pressure and high temperature using cubic anvil
type apparatus (RIKEN CAP 07) as discussed in chapter 2. The starting oxides Bi;Os,
Fe;03, MnO and MnO, were mixed in stoichiometric amounts and loaded in a gold cap-
sule. The pressed gold capsule was subjected to 4.5 GPa pressure and heated to 1073
K for 2 hours and slowly cooled down to room temperature and thereafter the pressure
was released slowly. Polycrystalline samples of BSFMO and BLFMO have been pre-
pared using solid state reaction route at ambient pressure. Stoichiometric amounts of
Bi; 03, SrCOg3, Fe,O3 and Mny,O3 were mixed and ground intimately and then heated
between 1073 and 1273 K in air with several intermittent grindings. At the final stage,

the powder was pelletized and sintered at 1373 K for 12 hours and cooled slowly at a
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rate of 3 deg/min. BLFMO was prepared using La;O3 preheated at 1223 K and final
sintering was done at 1173 K for 12 hrs. Room temperature X — ray data were collected
with a Bruker D8 Advance diffractometer. Neutron data for BSFMO and BLFMO were
collected at various temperatures with the high resolution powder diffractometer D2B
at ILL using wavelength of 1.594 A. Rietveld refinements were carried out from the X
— ray and neutron data using a software package Fullprof [109]. Transmission electron
microscopy (TEM) has been carried out using a Tecnai G2 30 UT microscope oper-
ated at 300 kV and having point resolution 0.17 nm. For TEM study, the samples were
crushed in n-butanol and deposited on a holey carbon membrane supported by a cop-
per grid. Mossbauer spectra were recorded in transmission mode using 5"Co v -ray
source in a Rhodium matrix and multi — channel analyzer. The sample thickness was
adjusted to obtain Fe content of ~10 mg/cm?. The calibrations for velocity and isomer
shift were performed using iron (Fe) foil. The Mossbauer spectra were analyzed using
SITE and DIST options in WinNormos-for-Igor software package. The magnetic prop-
erties were studied using a vibrating sample magnetometer (VSM) in Physical Property

Measurement System (PPMS), Quantum Design, USA.

5.3 Results and discussion

5.3.1 Structure

Analysis of powder X — ray diffraction (PXRD) pattern of the powder sample showed
that the major phase is a perovskite. Profile fit on the room temperature data is shown in
figure 5.1 (top panel). The presence of small amount (< 5 %) of secondary phase was

detected and identified to be one of the oxygen non — stoichiometric phases of BiMnOs.
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Figure 5.1: (Top panel) Profile fit of room temperature X-ray diffraction data of
BiFe( 5Mn( ;03. Filled circles are the experimental points, solid line represents the
calculated pattern, vertical ticks represent the Bragg positions and the difference be-
tween experimental and calculated curves is shown by line below the Bragg positions.
(Lower panel) ED pattern (a) untwined and (b) permutation twinned, (c) High Reso-
lution TEM image along [001] and corresponding FT pattern. Note the white arrows
which point spots due to twinning. (d) Enlargement of the image: double zigzag rows
of bright dots alternate with darker double rows, interpreted as ordering of double rows
of MnOg and FeOg octahedra.

It should be mentioned that the samples prepared using Mn,Oj3 as starting material had
higher amount of impurity phase and thus MnO and MnO, were used [130]. In the
perovskite structure, Fe and Mn ions at the B — site can either be disordered or arranged
in a rock — salt/layered configuration to form a double perovskite. Mossbauer exper-
iments at room temperature revealed that iron is present in Fe3™ state, which requires

manganese also be present in Mn3* state assuming that the compound is oxygen sto-
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ichiometric. Energy dispersive spectroscopy (EDS) analysis performed on numerous
micro — crystals of the perovskite shows that the cationic composition does not vary
from one crystal to the other and is close to the nominal composition of the sample, i.e.
‘Biy g9Feo.46Mng 45’". The profile fit confirms that the major phase can be indexed by an
orthorhombic cell, with the lattice parameters of the type of V2ap x 2v/2ap x 4ap (ap
= cubic lattice constant) as reported in BioMny/3Niy /306 [159] and BiFe;_,Mn,O3, x=
0.2 — 0.6 [164]. Lattice parameters obtained from the refinement are a = 5.562(2) A,
b= 11.191(2) A and c= 7.845(2) A consistent with a previous report [164]. The elec-
tron diffraction study confirms the perovskite sub — cell and the two lattice parameters
a~\2a,b= 2v/2 a, , as shown from the [001] ED pattern of this phase (figure 5.1 a).
The corresponding [001] HRTEM image (figure5.1 c¢) suggests that the Mn3* and Fe3+
cations are not distributed at random in the structure but may form double zigzag rows
(figure 5.1 d), running along b axis. Such an arrangement of these cations with same
charge may be due to Jahn — Teller distortion associated with Mn3* ions that results in
distortion of MnOyg octahedra which is different from FeOg octahedra. Nevertheless,
multitwinning phenomena take place in the crystal (figure 5.1 b) and prevent the ¢ pa-
rameter to be established with certainty and this oxide does not show a 1:1 ordering of

Mn3* and Fe?" classically observed in double perovskite [160, 161].

5.3.2 Magnetic properties

Figure 5.2 shows a plot of magnetization against temperature under field — cooled (FC)
conditions at an applied field of 50 Oe. It is clearly seen from the bottom inset of this

figure that the magnetic ordering occurs at 270 K in both positive and negative applied
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Figure 5.2: Magnetization as a function of temperature recorded at 50 Oe under field-
cooled (FC) process exhibiting magnetization reversal. Insets show the magnetic or-
dering temperature (lower panel) and a weak ferromagnetic hysteresis at 5 K (upper

panel).

fields. The magnetization value expressed in pup/f.u. suggests an antiferromagnetic
ground state with spin canting. This is consistent with the fact that Fe** and Mn3*
ions are not ordered and thus would result in antiferromagnetic ordering. If these B —
site ions were ordered as rock — salt type, one would expect a ferromagnetic ordering
according to the Goodenough — Kanamori rule as in the case of LasNiMnOg (T =
280 K) [81, 165]. In order to further understand the magnetic ground state, isothermal
magnetization M(H) data were recorded at 5 K and the result is shown in the upper inset
of figure 5.2. As can be seen that M(H) data exhibits a hysteresis loop with a low value
of remnant polarization of 0.03 pp/f.u. and a coercive field of 4.3 kOe. Further, the

magnetization does not saturate even at 50 kOe field and the unsaturated magnetization
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obtained by extrapolating the linear magnetization to the ordinate is 0.05 pp/f.u. This
value is much lower than that expected for a ferromagnetic ordering of Fe3* (S = 5/2)
and Mn®** ions (S = 2) through the Fe3* — O — Mn?* superexchange interaction but
rather close to weak ferromagnetic or canted antiferromagnetic behavior. As Fe** and
Mn3* ions are not ordered in a rock-salt manner, we expect Fe — O — Fe, Mn — O — Mn
and Fe — O — Mn superexchange interactions to be present in this system. Since this
compound contains equal proportion of Fe and Mn ions, one would expect a dominant
Fe — O — Mn interaction. In such a disordered system, the Fe - Fe and Mn - Mn would
act as a impurity cluster present in the host matrix of Fe - Mn. The impurity clusters of
Fe - Fe or Mn - Mn would would retain the magnetic behavior of its parent compounds
BiFeO3; and BiMnOj; in the structure of host matrix of Fe - Mn [166]. Above the
magnetic ordering, the susceptibility could be fitted with the Curie — Weiss law and
effective paramagnetic moment obtained from the fit is 4.01 up, which is lower than
the expected spin only value of 5.43 up. The value of Weiss temperature was found to
be positive (p = +106 K). This is in conflict with the antiferromagnetic ground state

and reflects a dominant ferromagnetic Fe — O — Mn superexchange interaction [167].

5.3.2.1 Temperature-induced magnetization reversal

The most noteworthy observation is that the sign of magnetization becomes negative
below a compensation temperature (T* = 208 K) under an applied field of +50 Oe while
it is positive under -50 Oe. The two magnetization curves exhibit a mirror like behavior
(figure 5.2). This phenomenon is known as temperature — induced magnetization rever-

sal or negative magnetization. With increasing (positive) magnetic field, T* decreases
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Figure 5.3: Magnetization versus temperature measured at different magnetic fields
showing the decrease of T* with increasing magnetic field. At 10 kOe, the magnetiza-

tion switches to positive value.

and the magnetization changes from negative to positive value at high enough fields as
shown in figure 5.3. This suggests that below T*, the net magnetic moment initially
aligned against the applied magnetic field is oriented along the applied direction at high

magnetic fields.

The phenomenon of magnetization reversal or negative magnetization is known for
more than five decades [141, 168—178]. Negative magnetization implies that the mag-
netic moments are aligned opposite to the applied field which is normally associated
with high energy compared to the parallel alignment of magnetic moments. As early
as 1948, Néel predicted that certain ferrimagnetic materials such as spinel oxides can

exhibit negative magnetization due to different temperature dependence of sublattice

89



Chapter 5.

magnetization arising from different molecular fields acting on the magnetic ions in
two different crystallographic sites [179]. As a result, it is possible that the magne-
tizations of different sublattices cancel each other, rendering the material to exhibit a
net zero magnetization at a characteristic temperature called compensation tempera-
ture (T*). Above and below this temperature, magnetization is dominated by one type
of sublattice and the sign of the magnetization changes from positive to negative or
vice versa. This behavior was experimentally observed in lithium chromium ferrite,
cobalt vanadate and some garnets [168—170]. Few molecular ferrimagnets which are
analogs of Prussian — blue, show negative magnetization with one or two compensation
temperatures depending on the number of magnetic elements mixed at various crystallo-
graphic sites [174, 175]. Using neutron diffraction study, Yusuf ez al gave a microscopic
model and demonstrated that these molecular ferrimagnets can be promising for practi-
cal applications [180, 181]. In a weak ferrimagnetic compound nickel format dehydrate
Ni(HCOO),.2H50, the non-equivalent Ni ions constitute two canted antiferromagnetic

sublattices and competition of which gives rise to magnetization reversal [176, 177].

The ferromagnetic Laves — phase SmAl, with the cubic structure shows zero magne-
tization due to the large orbital magnetic moment of Sm3* ions aligned anti — parallel to
the spin moment [182]. Since then this phenomenon has been observed in other classes
of materials where the mechanism proposed is different from that suggested for ferri-
magnetic systems. Antiferromagnetic orthovanadates, RVO3; (R = La, Ce, Nd, Sm etc.)
are reported to show negative magnetization even though all the V3 ions occupy only
one crystallographic site and thereby cannot be classified into Néel’s model for ferrite

spinels [172, 173, 183—-186]. Various explanations have been offered for the behavior
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of rare — earth orthovanadates. For example, in LaVOs, it is suggested that the canted
spin moment reverses upon crossing the first — order structural transition at 138 K below
which the orbital angular moment is maximized [173]. In YVOj3, multiple temperature
induced magnetization reversal is reported, the origin of magnetization reversal being
considered to arise from the competition between single ion magnetic anisotropy and
antisymmetric Dzyaloshinskii — Moriya (DM) interaction [186, 187]. In antiferromag-
netic chromites, such as GdCrOs, La;_,Pr,CrO3 and Lag 75Nd 25CrOs3, negative mag-
netization is attributed to the polarization of paramagnetic rare — earth moments oppo-
site to the canted Cr®* moments [188—190]. Recently, in (La;_, /2B1s/2)(Feq.5Cro.5)03,
where the magnetic ions Fe*™ and Cr** occupy single crystallographic site, shows neg-

ative magnetization at high temperatures [191].

5.3.2.2 Pole reversal

In order to demonstrate spin reversal phenomenon, magnetic switching experiments
have been performed at few temperatures below T* and the results at 175 K are shown
in figure 5.4. In this experiment, the sample was first cooled to a particular temperature
under 50 Oe field and then the field was increased to 1725 Oe in order to switch the mag-
netization to an equivalent and a positive value. This process was cycled several times
to examine reproducibility of the switching behavior. It is clear from the figure that the
magnetization can be switched between a positive and a negative value reversibly by
just increasing the field to a nominally large field. In contrast to a ferromagnetic sys-
tem, where two stable polar states are switched by changing the direction of the applied

field, in the present case the polarity can be switched to any value by changing the field
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Figure 5.4: Magnetization versus time showing the reversal of magnetization with
change in magnetic fields at 175 K.

in the same direction. It is important to explore whether such a phenomenon would
be useful in device applications. A similar demonstration of spin reversal has recently

been shown in a Prussian blue molecular magnet by Yusuf et al [181].

5.3.2.3 Zero field cooled measurements: Role of remnant mag-

netic field

It should be mentioned that the observation of magnetization reversal in this material is
intrinsic as these measurements are carried out under field-cooled condition. However,
care must be taken while performing zero-field-cooled measurements where a negative
remnant field present in the superconducting magnet can result in negative magnetiza-

tion [192]. At this point it is important to address the non-equilibrium zero-field-cooled
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Figure 5.5: Zero field cooled magnetization curves under + 50 Oe at showing remnant
field effect of superconducting magnet. Inset shows the same zoomed for clarity in the
paramagnetic state. Please note that the magnitude of moment in the paramagnetic state

indicates the sign of the remnant field.

(ZFC) magnetization of BiFej 5Mn 503 to demonstrate that the reversal of magnetiza-
tion is true and not a measurement field (NRF) and a positive remnant field (PRF) in
presence as well as in the absence of an applied field as shown in figure 5.5. It can be
seen that the data obtained under a PRF and a PRF with an applied field of +50 Oe ex-
hibit negative magnetization similar to that is seen in the case of FC measurement under
+50 Oe (figure 5.2). In the case of the ZFC magnetization measured under a NRF, the
presence of a NRF is obvious from the inset of the figure 5.5 where the magnetization is
negative above the magnetic ordering temperature. The overall magnetization is, there-

fore similar to that of the FC magnetization measured under -50 Oe (figure 5.2). In the
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present case, the ZFC magnetization measured under +50 Oe but cooled under a NRF
shows a similar behavior exhibited for NRF (figure 5.5) and -50 Oe (figure 5.2) except
above the magnetic ordering temperature or in the paramagnetic state where the mag-
netization is positive. We therefore confirm that the ZFC magnetization data measured
under a zero applied field (0 Oe) and +50 Oe with the sample cooled under a NRF are
not intrinsic to the sample. In order to avoid this issue, prior to each ZFC measurement
the field should be oscillated to from a negative value (30 kOe). It may be mentioned
here, for a FC measurement under applied fields much larger than the remnant field,
the sign of the remnant field does not matter except that the exact field value would be

lower or higher than the applied field by a value equivalent to the remnant field.

5.3.2.4 Origin of magnetization reversal

To understand the origin of negative magnetization in BiFey;Mng 503, first of all, it
is essential to know the crystallographic arrangement of magnetic ions. As discussed
above, iron and manganese ions are not 1:1 ordered and both of these ions occupy a
single crystallographic site 84 which is consistent with the antiferromagnetic ground
state. These facts rule out the mechanism proposed by Néel for ferrimagnetic sys-
tems involving two or more different crystallographic sites. The present compound is
similar to recently reported cation disordered perovskite (La;_,/2Bi,/2)(Feg 5Cr.5)O3
where the magnetization reversal was explained based on clusters of canted antiferro-
magnetic La;_,Bi,FeOs and La;_,Bi,CrO3 which are coupled antiferromagnetically
through dipolar interaction [191]. These clusters with different magnetization vary in-

dependently with temperature and results in compensation. This model may not be
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applicable to the present compound because one of the end members, BiFeOs is antifer-
romagnetic (Ty ~ 640 K) with a rhombohedral structure while the other end member,
BiMnOs; is ferromagnetic (T¢ ~ 105 K) with a highly distorted monoclinic structure.
Previously, we argued that the reversal origin is similar to that of suggested for sin-
gle crystalline YVO3 and Y (Fe,Cr)O3 both possessing orthorhombic (Pnma) structure
[171, 186]. In these oxides magnetization reversal was explained in terms of competing

single ion magnetic anisotropy and antisymmetric DM interactions [186, 193, 194].

The parent compound BiFeOs is a canted antiferromagnet due to the antisymmetric
DM interaction [95]. The Mn substitution at the Fe site not only changes the struc-
ture from rhombohedral to orthorhombic where the oxygen octahedra are highly dis-
torted but also introduces large magnetic anisotropy [195, 196]. Also, as mentioned
previously, absence of B-site ordering gives rise to Fe - Fe, Fe - Mn and Mn - Mn
superexchange interactions which would order at the Néel temperature of respective
parent compounds BiFeOj3, BiFej ;Mng 503 and BiMnOs [166]. The Fe - Fe orders at
very high temperature (Ty=640 K) whereas Mn - Mn orders at low temperature (T¢c =
105 K for BiMnO3 and Ty = 42 K for 0o-YMnOs) [124, 197, 198]. Since the Mn -
Mn ordering occurs at very low temperature (~ 100 K), the compensation is believed
to occur due to antiferromagnetic coupling of canted Fe - Fe and Fe - Mn moments.
These two canted moments act as two sublattice magnetizations and results in a ferri-
magnetic like ground state. This will be discussed in more detail in the next chapter in
context of magnetization reversal in YFe;_,Cr,O3 and YFe;_,Mn,O3 [166, 199]. In
fact, it will be demonstrated that the magnetization reversal is a common phenomenon

in many perovskites with magnetic ions with different magnetic anisotropy disordered
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at the B-site. It has also been observed that all these canted antiferromagnetic oxides
exhibiting reversal phenomenon have orthorhombic structure [191, 199-201]. To probe
the role of structure, we have extended this study and synthesized the present com-
pound at ambient pressure by A-site substitutions with La and Sr as discussed in the

next section.

5.3.3 Structure and complex magnetic behavior of

Bip 5A0 5Fep sMn( 503; A = Sr, La

The high pressure phases of Bi perovskite can sometime be stabilized at ambient pres-
sure by A or B-site modification. For example La or Sr substitution at the Bi-site of
BiMnOj; or BiCrOj3 could be synthesized by solid state route at ambient pressure [202—
204]. In order to support the role of anisotropy and structure in magnetization reversal,
we have chosen two closely related compound Bij 5A( sFey sMng 503 where A = Sr and
La. While in La substituted compound, both Fe and Mn ions are expected to be in triva-
lent states, in case Sr substitution Fe and Mn ions would to be present in trivalent and
tetravalent states respectively. Thus, it would be interesting to study and compare the
systems Bij tSr2tFed tMnyt03 (BSFMO) and Bij tLaj tFej tMn3t O3 (BLFMO) hav-
ing the spin configurations d® - d® and d® - d* respectively. The compound BLFMO
with an an orthorhombic structure (SG Pnma) was reported to have and show multi-
ferroic properties at low temperature whereas BSFMO is known to have rhombohedral
structure[205, 206]. The physical properties of BSFMO in particular are discussed in

detail.
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5.3.3.1 Crystal and magnetic structure

Indexing of room temperature powder X-ray data of BSFMO and BLFMO suggested
a rhombohedral symmetry though earlier studies based on X-ray diffraction showed
BLFMO to have an orthorhombic structure [205]. We performed Rietveld refinements
on the room temperature X-ray data with R3¢ and R3c space groups. A slightly better
x? and low values of estimated error in the refined parameters were obtained for the
centrosymmetric space group R3c for both the compounds which is consistent with
a previous report on BSFMO [206]. The lattice parameters and the atomic positions
obtained from X-ray data were used as initial parameters for the Rietveld refinement
on the neutron data. The rhombohedral phase R3¢ in BSFMO persists over a wide
temperature range (100 to 923 K) as confirmed from low and high temperature X-ray

data (not shown).

The absence of super-lattice reflection in X-ray and neutron diffraction patterns sug-
gests no A-site ordering between Bi and Sr cations or B-site ordering between Fe and
Mn ions. A weak broad peak around 26 ~ 20°, where there is no nuclear Bragg reflec-
tion, could be seen in neutron data at 300 K for both compounds which develops into a
clear reflection with increased intensity at low temperatures as shown in figures 5.6 and
5.7. Presence of a broad peak at 300 K might be due to short range magnetic interac-
tions of Fe - Fe which orders at quite high temperature [166]. Our attempt to refine site
occupancies of Bi*T and Sr?* ions gave unrealistic values with large errors which may
be due to the close neutron scattering lengths of 8.53 and 7.02 fm respectively. Further,
Rietveld refinement on room temperature X-ray data showed site occupancies of Bi and

Sr to be close to 1:1 ratio and therefore site occupancies of Bi and Sr (La) were fixed
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Figure 5.6: Rietveld refinement on the neutron data of (Big 55ty 5)(FegsMng 5)O3 col-
lected at 300 and 90 K.

Table 5.1: Lattice parameters, atomic positions and other parameters of
Big 5Sry5Feq sMng 503 and Big 5Lag sFeg sMng 503 obtained from Rietveld refinements
of powder neutron (NPD) diffraction data at 300 K and low temperatures. Bi/Sr(La) oc-
cupy 6a (0,0,0.25) and Fe/Mn occupy 6b (0, 0, 0) positions whereas O takes the general
position 18e (x, 0, 0.25)

Parameter Bi0.5Sr0.5Feo.5Mn0_503 Bi0,5La0A5FeOA5Mn0,503
a(A) 54817(2)  5.4810(1)  5.5275(1)  5.5206(1)
c(A) 13.4107(5) 13.4029(3) 13.5006(3) 13.4808(2)

X0 0.4693(2) 0.4652(2) 0.4537(3) 0.5462(2)

Bis, Bi/Sr(La)  2.05(5) 1.79(3) 2.27(5) 1.89(4)
B,s, Fe/Mn 0.31(10) 0.10(70) 0.86(9) 0.20(6)

B;., O 1.59(3) 1.42(2) 2.19(4) 1.90(2)
e 3.99 6.80 8.36 9.61
R, 25.4 16.4 24 .4 21.7
Rup 18.7 13.2 19.0 18.0
Rp 7.01 5.06 11.0 9.90
R factor 6.76 4.69 9.50 7.49
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Figure 5.7: Rietveld refinement on the neutron data of (Big sLag 5)(FeysMng 5)O3 col-
lected at 300 and 4 K.

Table 5.2: Selected bond lengths (A) and angles (°) of BSFMO and BLFMO

Parameter BSFMO BLFMO
300 K 90 K 300 K 4K

2.909(1)x3 2.931(1)x3 2.508(2)x3  2.506(1)x3
Bi/Sr(La) - O 2.573(2)x3 2.550(2) %3 2.7702)x6  2.766(1)x6
2.744(8)x6 2.744(1)%3

Fe/Mn - O 1.945(1)x6 1.946(2)x 6 1.969(1)x6 1.966(1)x6
Fe/Mn-O-Fe/Mn 170.071(10) x4 168.744(2)x4 165.064(9)x4 165.13(1)x4

whereas the occupancies of Fe and Mn sites were refined and found to be stoi-
chiometric. These facts are in accordance with energy-dispersive X-ray spectroscopy
(EDX) data collected at various spots. Also, the refinement of oxygen occupancy does
not deviate significantly from the stoichiometric value and therefore was kept fixed.

Figure 5.6b and 5.7b shows the Rietveld refinements on the neutron data for BSFMO
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and BLFMO collected at 90 and 4 K, respectively. In figure 5.6b, the magnetic reflec-
tion near 26 ~ 20° has been zoomed in for clarity. This reflection is rather weak which
may be due to the fact that the data was collected at relatively higher temperature (90
K). The magnetic reflections in the low temperature neutron diffraction patterns (shown
by arrows) were modelled by G-type antiferromagnetic coupling of disordered Fe/Mn
moments aligned along the c-axis of the hexagonal lattice. Though the magnitudes of
the magnetic moments associated with Fe?* (S=5/2) and Mn** or Mn3* (S=3/2 or S=2)
ions are different, due to the fact that these ions are distributed randomly, it is difficult
to determine finite magnetization, if any, using thermal neutrons. The average magnetic
moments of Fe/Mn in BSFMO (90 K) and BLFMO (4 K) are 1.11(8) pp and 1.30(3)
1 respectively which are much lower than their respective theoretical values. Results
from Rietveld refinement of neutron diffraction data have been summarized in table 5.1

and 5.2.

5.3.3.2 Valence states

It is important to verify the valence state of the B-site cations as it plays a significant
role in determining properties particularly in compounds containing manganese. In
LaMnOs, the valence state of the manganese ions depends on the synthesis conditions
which determine stoichiometry of the compound [207]. While the valence state of man-
ganese in stoichiometric LaMnOQOs is +3, the cation and/or oxygen non-stoichiometry
leads to a mixed valence of Mn3*/Mn** [208]. In order to examine the valence state
of state of Fe, we performed Mossbauer experiments at room temperature and the re-

sults are shown in figure 5.8. Mossbauer spectra plotted with velocity along the x-axis
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Figure 5.8: Room temperature Mossbauer spectra of (a) Big5Sr 5)(Feg5sMng 5)O3 and
(a) Big sLag 5)(FegsMng 5)O3

and relative transmission of the y-rays along the y-axis. In order to obtain the values
of isomer shifts (IS or ) and quadrupole splitting (QS or A ), the spectra were fit-
ted to a doublet consisting of a pair of Lorentzians, the fit has been shown as a thick
line passing through the open symbols. The fit results § = 0.375 (1) mm/sec and A

= 0.61 (2) mm/sec for BSFMO. Similar analysis carried out for BLFMO has resulted
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in the IS and QS values as 6 = 0.259 (1) mm/sec and A = 0.54 (1) mm/sec. These
values are consistent with those reported for similar compounds in the literature and
thus confirm the presence of Fe®" ions in paramagnetic state [209]. The valence state
of manganese in the present compound can indirectly be inferred from the inspection
of average Fe/Mn-O bond lengths in BSFMO and BLFMO (table 5.2). It can be no-
ticed that the average Fe/Mn-O bond length in the former (1.945(1) A) is smaller than
that in the latter (1.969(1) A). Since Fe ions are present in trivalent in both the com-
pounds, the smaller average Fe/Mn-O bond length suggests that Mn ions are present in

the tetravalent state in BSFMO and in the trivalent state in BLMFO.

5.3.3.3 Cluster and spin-glass behavior in BSFMO

DC magnetization data of the compound BSFMO were collected in zero field cooled
(ZFC) and field cooled (FC) modes. In ZFC mode, the sample was cooled in absence
of magnetic field whereas a field was applied while cooling in the FC mode and data
were recorded while warming up in both the cases. The ZFC-FC data under a magnetic
field of 100 Oe is shown in figure 5.9. Three anomalies are observed at 30, 114 and
226 K in the ZFC data. The antiferromagnetic ordering of Fe3™ and Mn** takes place
below Ty =226 K. In should be mentioned here that the magnetic properties are highly
dependent on the sample preparation. The cooling rate at the final stage of sintering was
3 deg/min and when this rate changed to higher or lower value, Curie-Weiss behavior
is not observed above Ty similar to a previous report [206]. As can be seen from the
figure, ZFC-FC shows a large irreversibility which might indicate a glassy state below

Tn. Moreover, as the field is increased, the anomalies below Ty shift towards lower
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Figure 5.9: ZFC-FC curves under magnetic field of 100 Oe for
(Big 5Srg.5)(Feg sMng 5)O3 showing magnetic anomalies at 30, 114 and 226 K.
Inset shows ZFC-FC curves for (BigsLag 5)(Feg sMng 5)O3 at 50 Oe.

temperature. At very high field (20 kOe), low temperature anomalies smear out and
only the anomaly at Ty is observed (not shown). This is a further indication of glassy
state and when such a high field is applied, all the moments could orient along the
field direction consistent with the disappearance of low temperature anomalies in the
ZFC data. Above Ty, the magnetic susceptibility (100 Oe) follows the Curie-Weiss law
and the fit resulted Weiss constant ¢ = 120 K and effective paramagnetic moment /i, s
= 4.68 ;5. The positive Weiss constant reflects that the interaction between Fe®* and
Mn** is weakly ferromagnetic. The calculated magnetic moment is slightly higher than
the theoretical spin only value of 4.42 yi for Fe3* - Mn** configuration. The ZFC-FC

curves at 100 Oe for BLFMO shows that the system orders antiferromagnetically at 220
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K (inset in figure 5.9) which is consistent with earlier report [205].

Magnetic isotherms of BSFMO recorded at different temperatures are shown in
figure 5.10. At 5 K, the curve is slanted S-shaped with small coercive field of 400 Oe.
At lower fields, the shape of the isotherm is related to the glassiness and is similar to
that of observed similar compounds. At high fields, the curve shape changes to that of
antiferromagnetic systems. This indicates that at high field the glassy feature disappears
as all the frozen moments are forced to align towards the applied field. At 75 K, the
isotherm shape changes with a higher coercive field value of 700 Oe which indicates
a weak ferromagnetic behavior arising due to the canting of antiferromagnetic spins.
The difference in the shape is related to the weak anomaly at 30 K in the ZFC data.
At room temperature, a linear hysteresis curve is observed confirming the paramagnetic
state. Magnetic isotherm (not shown) of BLFMO at low temperature (at 5 K) shows
weak ferromagnetic behavior which does not saturate but has a much higher coercive

field (3100 Oe) than that of the Sr doped compound (400 Oe).

In order to understand the nature of magnetic interactions associated with three
anomalies in BSFMO, we have performed AC susceptibility measurements and the re-
sults are shown in figure 5.11. Weak frequency dependence in the anomaly of real part
of the AC susceptibility x’ is observed in the vicinity of 40 and 105 K. The peak po-
sitions shift to higher temperature with increasing frequency. The imaginary part, x”
on the other hand, shows frequency dependent peaks near the magnetic anomalies. At
the Néel temperature, x” shows sharp peak which are frequency independent. These
features along with the DC magnetization data confirm the glassy nature of this system

in which the competing magnetic interactions are present below a characteristic temper-
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Figure 5.10: Magnetic isotherms of Biy 5Sr( 5)(Feg 5Mng 5)O3 at 5, 75, 150 and 300 K.

ature. As the glassy state occurs below Ty, it can either be associated with a reentrant
spin glass (RSG) or with a cluster glass (CG) behavior [210, 211]. In a RSG, where the
glassy nature persists into a long range ferromagnetic or antiferromagnetic order, the
magnetic anomaly lies well below the paramagnetic to ferromagnetic/antiferromagnetic
transition temperature. On the other hand, in a CG, where a set of clusters shows short
range ordering below a characteristic temperature, a strong irreversibility in the ZFC —
FC curves is observed below the magnetic ordering temperature. In the present case,
the ZFC — FC in DC magnetization data shows a large irreversibility starting below the
Néel temperature and also frequency dependent anomalies in X’ lie closer to the Néel
temperature which confirms the cluster glass phenomenon. The peak shift in the low

temperature anomaly near 40 K is not very clear with frequency which is due to broad
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Figure 5.11: Ac susceptibility data of Biy 5Sr( 5)(Feg.5Mng ;)O3 plotted against temper-

ature for different frequencies

anomalies and existence of cluster glass state above this temperature. Both DC and AC
magnetic measurements suggest that the anomaly near 40 K does not represent a long
range magnetic ordering, but rather suggests a spin glass transition similar to that of
BigsLag sFep sMng 505 [205]. Glassy features in a magnetic system results from the
competing magnetic interactions due to disorder arrangement of magnetic ions or geo-
metric frustration. In the present compound, three superexchange interactions between
Fe and Mn ions exist, Fe?* — O — Fe?t, Fe?t — O — Mn*" and Mn*t — O — Mn**.
According to Goodenough — Kanamori rule, the Fe — O — Fe and Mn — O — Mn su-
perexchange interactions are antiferromagnetic whereas Fe — O — Mn is ferromagnetic.

Thus, the glassy features might be arising from competing magnetic interactions due to
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the disordered magnetic ions in the same crystallographic site (6b). The spin glass and
cluster glass states, induced by disorder at the A or B-site are well known in few doped
manganites [212-214]. The glassy state in BSFMO more complex than BLFMO possi-
bly due to increased disorder due to size difference between the magnetic ions. Also, the
possibility of oxygen non — stoichiometry in the compound cannot be neglected which

can lead to the presence of Mn3* ions and contribute to the complex glassy nature.

5.4 Conclusions

BiFe( 5Mn( ;03 belonging to the multiferroic family of Bi perovskites could be sta-
bilized in the orthorhombic structure by high pressure synthesis technique. The com-
pound orders antiferromagnetically at Ty =270 K and below compensation temperature
(T*), temperature induced magnetization reversal is observed. The high pressure phase
could be stabilized at the ambient pressure by 50% La and Sr substitution at the Bi-site.
These compounds form with rhombohedral structure (R3c¢) and do not exhibit the re-
versal phenomenon which may indicate important role of orthorhombic distortion. The
reversal is understood in terms of ferrimagnetic ground state arising from the canted

moments of Fe — Fe and Fe — Mn coupled antiferromagnetically.
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CHAPTER 6

Magnetization Reversal in YFe1 __MxO3g
(M = Cr and Mn)§

6.1 Introduction

As discussed in the previous chapter, the orthorhombic BiFej ;Mng 503 exhibits tem-
perature induced magnetization reversal below a compensation temperature. In order
to understand the origin of temperature induced magnetization reversal, we have made
an attempt to explore this phenomenon in similar systems. The drawback with the
Bi-based compound is the requirement of high pressure synthesis which is not readily
available to us. Based on the structural as well as chemical similarity, we found that
rare earth orthoferrites, RFeO3 (R = rare earth or yttrium) would be an ideal system,
which can be synthesized at ambient pressure and have perovskite type structure with
orthorhombic distortion (space group: Pnma). Depending on the rare-earth, these com-
pounds undergo antiferromagnetic ordering at temperature ranging from 620 to 750 K
[123, 197, 215]. Below Néel temperature, the orthoferrites show a canted antiferromag-
netic behavior due to antisymmetric Dzyaloshinskii-Moriya interaction [197]. Interest-
ingly, a temperature induced spin-reorientation is observed when the R ion is magnetic
and the antiferromagnetic easy axis changes from one crystallographic direction to an-
other [112]. On the other hand the orthoferrites containing non-magnetic A-site cation

undergo spin-reorientation transition upon application of magnetic field, pressure and

$Based on this chapter work, two manuscripts have been submitted. P. Mandal, C. R. Serrao,
N. Dasari, N. S. Vidhyadhiraja, A. Sundaresan and C. N. R. Rao Communicated
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substitution of Fe with other trivalent magnetic transition metal ions such as Mn, Cr ans
Co[112,216-219]. To avoid complication due to magnetic interaction between the rare
earth and the B-site ions, we have purposefully chosen the non-magnetic Y>* ions and

investigated the systems YFe;_,Cr,O3 and YFe;_,Mn,O3 extensively.

In this chapter, we have focused the study on two systems YFe;_.M,0O3 (M = Cr
and Mn) of canted antiferromagnetic oxides where the magnetic ions Fe and Cr (or
Mn) are randomly mixed at the B-site. The close ionic radii of the trivalent magnetic
ions prevent the system to order in a rock-salt manner. Single phase compounds with
orthorhombic structure (Space group: Pnma) are obtained in the full range 0 < x < 1.0
for Cr substitution. The magnetization measurements and neutron diffraction results
show that upon Cr substitution, the system undergo a broad spin-reorientation transition
from I'4(G, F)) spin structure to a mixed phase of I'4 and I'2(G, F,). The partial spin-
reorientation from I'4 to I'2 is second-order. As expected, negative magnetization is
observed below 180 and 240 K for the compounds with x= 0.4 and 0.5 respectively.
The reversal phenomenon is best explained based on the ferrimagnetic ground state
resulting from the antiferromagnetic coupling of canted moments of Fe — O — Fe, Fe - O
- Cr and Cr - O - Cr. On the other hand, solid solution in the Mn substituted compounds
could be formed up to x = 0.45. In these compounds, magnetization was observed to
drop sharply from the canted state (I'4) to a collinear state (I'1). In this first-order spin
reorientation transition, the easy axis rotates abruptly from z to x-direction. Similar to
the YFe;_,Cr,O3 samples, magnetization reversal is observed for x = 0.4 and 0.45 but
at relatively low temperatures of 90 and 125 K respectively. Another interesting aspect

of YFe;_,Mn,O3 system is the observation of inverse magnetocaloric effect (MCE)
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across the spin-reorientation and positive magnetocaloric effect at the antiferromagnetic
transitions. As these transition temperatures are dependent on Mn concentration, the

magnetocaloric effect is tunable over a broad temperature range.

6.2 Experiments

The compounds YFe;_,Cr, O3 and YFe,_,Mn,O3 were prepared by solid state reaction
route. Stoichiometric amounts of Y503 (preheated at 1073 K), Fe;O3 and Mn,Oj3 (or
Cr,03 in case of Cr substitution) were mixed thoroughly and heated at 1273, 1373 and
1473 K with several intermittent grindings. At the final step, the powder was pressed
into pellets and sintered at 1743 K for 24 hours. Phase purity was confirmed by Rietveld
refinement on the X-ray powder diffraction data collected with Bruker D8 Advance
diffractometer. Neutron diffraction data were collected using wavelength of 2.40 and
1.60 A in high resolution powder diffractometer D2B at ILL (Institut Laue-Langevin).
Magnetic measurements were carried out with a vibrating sample magnetometer in a
physical property measurement system (PPMS), Quantum Design, USA. To calculate
entropy change in magnetocaloric study, magnetic isotherms were collected in a wide

range of temperature at an interval of 4 K and magnetic field step of 500 Oe.

6.3 Result and discussion

For clarity, the results are discussed separately for the Cr and Mn substituted com-

pounds.

111



Chapter 6.

6.3.1 Structure and Magnetic Properties of YFe;_,Cr,O3

6.3.1.1 Structure

Rare earth orthochromites are known to be isostructural with rare earth orthoferrites
having GdFeOjs type orthorhombic structure (SG:Pnma) [123]. The isostructural nature
of both end members and close ionic sizes of Fe** (0.65 A) and Cr®** (0.62 A) allow
to form solid solution in the complete range 0 < x < 1.0. Rietveld refinements on
room temperature X-ray data showed orthorhombic symmetry with space group Pnma
for all the compounds (refinements are not shown). Unit cell parameters a, b, ¢ and cell

volume V, as extracted from the refinement, are plotted against x as shown in figure 6.1.
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Figure 6.1: Variation of unit cell parameters and volume against Cr substitution in
YFel_ICer;;.
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Table 6.1: Atomic position (x, y, z) and isotropic thermal parameters (B) for selected
compositions of YFe; ,Cr,O3 obtained from the Rietveld refinements of X-ray data
collected at room temperature.

YFel_:ECI’:COg
Site  Wyckoff Position Cr level x y z B(A?)

Y 4c 0 0.0684(1)  0.2500  0.9826(2) 0.92(2)
0.1 0.0685(1)  0.2500  0.9823(2) 1.75(3)
0.3 0.0682(1)  0.2500  0.9821(2) 1.09(2)
0.4 0.0681(1)  0.2500  0.9824(2) 1.44(2)
0.5 0.0675(1)  0.2500  0.9818(2) 1.13(2)
0.8 0.0666(1)  0.2500  0.9833(2) 1.51(2)
1.0 0.0659(1)  0.2500  0.9839(2) 1.64(2)

Ol 4c 0 0.4597(8)  0.2500  0.1092(8) 1.00
0.1 0.4608(9)  0.2500  0.1074(9) 1.00
0.3 0.4625(8)  0.2500  0.1055(8)  1.00
0.4 0.4636(9)  0.2500  0.1045(9) 1.00
0.5 0.4630(8)  0.2500  0.1058(8)  1.00
0.8 0.4616(8)  0.2500  0.1068(8)  1.00
1.0 0.4607(8)  0.2500  0.1060(9)  1.00

02 8d 0 0.6935(6) -0.0574(4) 0.3087(6) 1.00
0.1 0.6915(7) -0.0584(5) 0.3089(7)  1.00
0.3 0.6936(7) -0.0578(4) 0.3083(7)  1.00
0.4 0.6920(7) -0.0578(5) 0.3074(0) 1.00
0.5 0.6954(6) -0.0574(4) 0.3061(6) 1.00
0.8 0.6963(6) -0.0564(4) 0.3054(6) 1.00
1.0 0.6970(7) -0.0558(5) 0.3044(7) 1.00

These parameters decrease with increasing x following Vegard’s law as expected
from the difference in ionic radii between Fe3™ and Cr®*. The atomic positions and
isotropic thermal parameters as obtained from Rietveld refinements are given in the

table 6.1.
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6.3.1.2 Weak ferromagnetism and spin-reorientation in

YFel_xcer?)

Field-cooled magnetization curves of YFe,_,Cr, O3 at an applied magnetic field of 100
Oe in the temperature interval 10 — 400 K are shown in figures 6.2, 6.3, 6.4 and 6.5.
It should be mentioned here that in the field cooled process, the field must be applied
above the magnetic ordering temperature but due to the limitation with the magnetome-
ter, we applied the magnetic field at 400 K though the magnetic ordering temperatures
in samples with x= 0 - 0.3 are well above 400 K. Field cooled magnetization curve of
the parent compound is consistent with the weak ferromagnetic behavior expected for a
canted antiferromagnet. For x = 0.1, magnetization increases with decreasing tempera-
ture showing a broad maximum and then decreases to a constant value. Below Ty, the
increase of magnetization represents a weak ferromagnetic or canted antiferromagnetic
behavior due to spin-canting similar to the parent compound YFeOjs. The canted state in
these orthoferrites will be referred as AFM1. The decrease in magnetization at low tem-
perature, might indicate a spin-reorientation transition (Tsg) where the magnetic easy
axis rotates from one to another crystallographic direction. Depending on the magnetic
anisotropy constants of Fe and Cr ions, spin reorientation in YFe; _,Cr, O3 compounds
was predicted to be be complete or partial by Kadomtseva et al[166]. As seen in figure
6.2, this spin reorientation transition is broad, in agreement with theoretical prediction
[166]. This also indicates a second order nature of the transition. With increasing Cr
concentration, Tsg increases whereas the Néel temperature decreases, as expected due
to the dilution of Fe3* (S = 5/2) with Cr** ions (S = 3/2). This is shown in DC magneti-

zation data collected with high temperature VSM as shown in figure 6.3a. As shown in
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Figure 6.2: Field cooled magnetization curves of YFe; ,Cr,O3 (x = 0 to 0.3) under

100 Oe showing second order spin reorientation transition.

700
(b) |
4600
500
=400

-1300

200

NN FEETE NN RN PR RN R 1 | 1 | 1 | 1 | 1 | 100
300 350 400 450 500 550 600 65000 02 04 06 08 1.0

T (K) ¥

Figure 6.3: (a) Field cooled magnetization data of YFe,_,Cr,O3 (x= 0.1 to 0.3) col-

lected at high temperature. (b) Néel temperature (Ty) plotted against Cr concentration.
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figure 6.3b, the Néel temperature shows a linear behavior with Cr concentration till x =
0.6, beyond which it drops slowly. Such behavior may be due to disordered arrangement

of Fe and Cr ions.

6.3.1.3 Temperature induced magnetization reversal

Most interesting aspect of YFe; _,Cr, O3 compounds is the observation of negative mag-
netization for x = 0.4 and 0.5 as shown in figure 6.4. For x = 0.4, Ty is decreased to 333
K and Tgg increased to ~ 300 K. More importantly, the magnetization becomes zero at
the compensation temperature T* = 184 K below which it is negative. At further low
temperature, the negative magnetization value saturates and remain almost constant.
For x = 0.5, there is no indication of spin-reorientation transition and the magnetization
value decreases below Ty = 260 K. The magnetization value becomes negative below

T* =240 K. This is consistent with other reports [171, 220].

For x > 0.5, all the samples (except for x = 0.8) show a canted antiferromagnetic
behavior as shown in figure 6.5. It is worth mentioning here that YCrQOyj is also a canted
antiferromagnet due to DM interaction similar to the orthoferrites [221]. Surprisingly,
YFe( 2Cry O3 which orders at Ty = 154 K and exhibits a double compensation. At
150 K, magnetization shows a sudden decrease and below T7 = 140 K magnetization
value becomes negative. Below 105 K, the magnetization value starts increasing and at
T; = 62 K crosses zero again as shown in figure 6.6. The double compensation effect
mentioned above has previously been reported for a Prussian blue compound where si-
multaneous presence of antiferromagnetic and ferromagnetic interactions resulted such

behavior [175, 178]. To our knowledge, this is the first compound known to exhibit two
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Figure 6.4: Magnetization reversal in YFe; ,Cr,O3 (x = 0.4 and 0.5).
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Figure 6.5: Field cooled magnetization curves of YFe; ,Cr,O3 under 100 Oe for x =
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Figure 6.6: Field cooled magnetization curves of YFe, 2CrysO3 under 100 Oe showing

two COl’IlpCIlSEltiOIl temperature.
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Figure 6.7: Magnetic isotherms of YFe;_,Cr,O3 collected at 5 K.
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compensation temperatures where only two magnetic ions are distributed in a single
crystallographic site (4b). The magnetic isotherms collected at 5 K for selected com-
pounds (x = 0, 0.5, 0.8 and 1) are shown in figure 6.7. All the compounds showed a
ferromagnetic like feature with a saturation magnetization ~ 0.04 pp/f.u.. Such a low

value indicates that these compounds are canted antiferromagnet.

6.3.1.4 Neutron diffraction study on YFey5Crg 503

In order to understand the nature of spin-reorientation transition and magnetization re-
versal we carried out the neutron diffraction studies on YFe( 5Cry 503. Neutron diffrac-
tion data were collected at different temperatures and the results are shown in figure

6.8. A wavelength of 1.60 A was used to determine nuclear structure whereas below

YFe, Cr O, (SG:Pnma)
21 @r=160A T>T,
1.4
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Figure 6.8: Rietveld refinement on the neutron diffraction data of YFe( ;Cr( 503 col-
lected at (a) 350, (b) 150 and 2 K.
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Tw, a higher wavelength of 2.4 A was chosen to study magnetic structures. Surpris-
ingly, the neutron diffraction data collected at 350 K (Ty = 260 K) shows two small
peaks over a broad hump like feature near 260 ~ 20° (inset of figure 6.8a). These two
reflections can not be accounted for the nuclear contribution. It is noteworthy that this
feature appears at the same position (d-value) where magnetic reflections appear below
Tx. The broad hump is usually described as a short range ordering but the two well de-
fined peaks clearly confirm magnetic ordering in the system. The magnetic reflections
at 350 K can be understood in terms of the disorderness at the B-site of the perovskite.
As the Fe3* and Cr3* ions are randomly distributed at the 4b site of orthorhombic cell
in YFe;_,Cr,Os, there can be three superexchange interactions Fe — O — Fe, Fe - O
- Crand Cr - O - Cr. It is well known that in such disordered compounds, the Fe -
Fe and Cr - Cr impurity ions in the host Fe - Cr matrix retain the properties of parent
compound YFeO3 and YCrOg3 respectively [166]. As the perovskite orthoferrites are
known to order antiferromagnetically at very high temperatures (~ 640 K), we suggest
that these reflections are due to the ordering of Fe - Fe near neighours. The Fe - O - Cr
would order at the Néel temperature (~ 260 K) whereas the Cr - O - Cr clusters would

order at much lower temperature (~ 140 K).

As the temperature is decreased below Ty, we observe intense magnetic reflections
near 260 ~ 31°. As the Fe and Cr ions are present at the same crystallographic site (40),
the magnetic reflections due to Fe - O - Cr ordering appears at the same position as in
Fe — O — Fe ordering. To represent the magnetic structure, we have followed Bertaut’s
notations [222, 223]. In the orthorhombic structure (SG Pnma), the B-site magnetic

ions are present at 4b sites and spins present at the 4b positions 1 (0, 0, 1/2), 2 (1/2, 0,
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et e

Figure 6.9: Orthorhombic (Prnma) unit cell showing the four positions (4b) defined as

1, 2, 3 and 4 occupied by the B-site cations i.e., Fe and Mn ions.

0),3(0, 1/2,1/2) and 4 (1/2, 1/2, 0) are denoted by Sy, So, S5 and S, as shown in figure
6.9. Depending on the relative spin directions at the four positions, there can be four
basis vectors possible represented as F, G, C and A. Depending on whether these spins
are aligned along or opposite to a crystallographic directions, these are represented as

+ or -. The vectors F, G, C and A (space group Pnma)are defined as,

F =485 495+ 53+ 95,
G:+Sl—52—53+54
(6.1)
C:+51_SQ+S3_S4
A:+Sl+52_53—54

It should be pointed out that the definition of these vectors are different for the other
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setting i.e., space group Pbnm where c is considered as the long axis. As clear from
the above relations, while G, C, A represents antiferromagnetic coupling, the vector F
represents a ferromagnetic behavior. For example, the basis vector G, indicates that S;

and S, are directed along x axis whereas S, and S3 are directed opposite to S; and S,.

The four irreducible representations known for ferrites or chromites can be rep-
resented in terms of vector components F, G, C and A along three crystallographic

direction. According to Bertaut’s notations, these are defined as,

I'l=G,C, A,
r2=C,G,F,
(6.2)
r3=F,A,C.
r1=A,F,G.

The spin structure I'4 represents a G-type antiferromagnet with easy axis along
the z- direction coupled with a ferromagnetic component (F) along y-direction and an
antiferromagnetic (A) along x-direction. The magnetic structure of few rare earth or-
thoferrites are represented by I'4 (G, F,)) where spins are in G-type configuration along
z-direction and canted towards y-direction [224]. The canting along y-direction gives

rise to the weak ferromagnetic component F,, whereas A, is found to be negligible.

Orthoferrites and orthochromites are known to change the magnetic structures upon
change in temperature, pressure, magnetic field or chemical doping. The spin reorien-
tation is characterized by an angle () altered from the crystallographic easy axis. The
transition can be of several types depending on the magnetic ion at the A-site and the

interaction between Fe (or Cr) and the A-site magnetic rare earth. When the rare earth
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(R) is nonmagnetic, it has been observed that RMO3 (M = Fe or Cr) retains ['4 structure
at all temperatures [224].

The low temperature neutron diffraction patterns of YFe( 5Cr( 503 are shown in fig-
ure 6.8b and c¢. For low Cr concentration (0.1 to 0.3), the AFMI1 state is similar to the
canted antiferromagnetic state of parent compounds YFeO3; and YCrO3. These com-
pounds are known to possess I'4 (G.F,) spin configuration at all temperature below Ty
[224]. The magnetic reflections at 150 K could not be described either by I'4 or 1'2
solely. The possibility of I'l configuration which does not allow any F component was
ignored due to the fact that a large canted moment is observed below Ty in the mag-
netization measurements. We rather find that the magnetic structure is best explained
with the combination of irreducible representations I'4 (G.F,) and I'2 (G,F.). The
four strong magnetic reflections observed correspond to (1 1 0), (0O 1 1), (1 0 1) and

(0 2 0) planes. It is noticeable from the aforementioned relations that ferromagnetic

2 (GF) T<Tg T4 (GF)

¥ i | Fe/Cr

&% v ?Q o
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Figure 6.10: Magnetic structure of YFe( 5Cr( 503 below Ty. The spin structure below
Ty is a mixed phase of I'4 (G.F,) and I'2 (G,F.).
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components are allowed in both I'4 (F,) and I'2 (F.) structures thus consistent with
experimentally observed canted antiferromagnetic behavior. At 2 K, the coexistence of
I'4 and I'2 is still observed. The I'4 phase is the dominant spin structure at all temper-
atures and the moment values corresponding to G.F, and G,F. components are seen
to increase with decreasing temperature. Magnetic structure below Ty is represented in
figure 6.10 where I'4 and I'2 are displayed in the orthorhombic unit cells. The structural
parameters and magnetic moments are summarized in table 6.2. The spin-reorientation
in this compound is similar to the orthoferrite and orthochromite systems RFeO3 (R =
Nd, Sm, Tb, Ho, Er, Tm and Yb) and RCrO3 (R = Sm, Gd) where the easy axis in ['4
configuration starts rotating from z direction at T and the spin configuration changes
to ['2 at temperature T, where the easy axis is along the y direction [112]. The smooth
rotation of the easy axis defines this transition to be of second order. In the present
compound, the coexistence of I'4 and I'2 confirms a partial spin-reorientation where
the high temperature AFM1 phase (I'4) does not completely convert to 2. It can also
be speculated that for low Cr substitution of 0.1 < 2z < 0.4, the high temperature
AFM1 phase has I'4 structure partially converts to I'2 below the second order spin re-
orientation. The spin-reorientation transition in RFeO3 was explained microscopically

by Levinson [225] considering Fe" contribution to the free energy F, written as

F = Ay(T) + Ay(T).sin* 0 + Ay(T). sin* 0 (6.3)

where, 6 is the rotation angle, A, and A, are the constants involving second and fourth
order anisotropic constants and pseudodipolar spin interactions of Fe3* ions. Based

on the ratio’s of the anisotropy constants, he predicted spin reorientations to be either
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Table 6.2: Atomic position (x, y, z), isotropic thermal parameters (B), Magnetic mo-

ments (1), lattice parameters and other reliability factors of YFe( ;Crg 503 at 350, 150

and 2 K as obtained from Rietveld refinements on neutron data.

YFCO.5CI'0.503
Site  Wyckoff Position X y z B(A?)
Y 4c 0.0671(1) 0.2500 0.9831(2) 0.42(2)
0.0679(2) 0.2500 0.9826(3) 0.51(5)
0.0683(2) 0.2500 0.9824(3) 0.33(5)
Fe/Cr 4b 0.00000 0.0000 0.50000 0.32(2)
0.00000 0.0000 0.50000 0.26(4)
0.00000 0.0000 0.50000 0.05(4)
o1 4c 0.4630(2) 0.2500 0.1079(3) 0.37(2)
0.4620(3) 0.2500 0.1075(3) 0.14(4)
0.4619(3) 0.2500 0.1072(4) 0.06(4)
02 8d 0.6967(2) -0.0555(1) 0.3080(2) 0.44(1)
0.6965(2) -0.0560(2) 0.3074(3) 0.45(4)
0.6966(2) -0.0562(2) 0.3074(3) 0.23(4)
T(K) Magnetic Structure Magnetic moment, u ((p)
Mz Hy Moz
150 I'4(A, F,G,) + 0.00, 0.09(46), 2.35(3),
I'2(C, G, F,) 0.00 1.07(6) 0.25(20)
2 I'4(A, F,G,) + 0.00, 0.19(23), 2.74(3),
I'2(C, Gy F.,) 0.00 1.83(5) 0.46(12)
T (K) a b c x> R, Ry, Rp Ryfactor
350 5.5608(1) 7.5770(1) 5.2692(1) 9.76 7.68 8.46 3.21 2.27
150  5.5627(1) 7.5720(1) 5.2652(1) 5.21 10.2 10.5 1.95 1.67
2 5.5621(1) 7.5684(1) 5.2625(1) 5.59 998 10.5 1.85 1.41

abrupt or smooth [225]. In this theory, the interaction between the rare earth and the Fe

were neglected which later was confirmed not to be true [226]. Later, the anisotropic

contribution due to magnetic interaction between the rare earth and Fe (or Cr) ions,

antisymmetric and anisotropic-symmetric exchange interaction were suggested to be

responsible for the first or second order spin-reorientation [112]. In rare-earth orthofer-

rites/orthochromites where the A-site ion is nonmagnetic, the magnetic structure retains

to be I'4. The presence of spin reorientation in the doped system YFe; ,Cr,O3; may
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suggest a role of different single ion anisotropy of Fe3™ and Cr** ions. Considering
the different anisotropy and canted antiferromagnetism due solely to the antisymmetric
DM interaction second order spin reorientation in Cr substituted YFeO3 was described

by Kadomtseva et al [166]. The anisotropy contribution to the free energy is written as
1
F= §ku cos 20 + ky, cos 40 (6.4)

Here k, is first anisotropic constant which is dependent on the single ion anisotropy of
Fe and Cr ions, DM interaction and magnetic dipole Fe - Fe and Cr - Cr interaction
whereas k; is the second order or the cubic anisotropy. It was shown [166] that the spin
reorientation is complete if

ku (Tsat) Z 8kb (Tsat)

or partial for

ku(Tsat) < 8kb(T5at)

The temperature T,; denotes the temperature below which the magnetization becomes

almost constant.

6.3.1.5 Reversal mechanism

As discussed previously, the parent compound YFeOgs exhibits a weak ferromagnetic
behavior arising from a spin canting below Ty = 640 K similar to that observed in
compounds a-Fe,O3 and few transition metal carbonates. This behavior was explained
in terms of symmetry grounds by Dzyaloshinskii [193]. Later, Moriya explained this
based on antisymmetric superexchange interaction which includes spin-orbit coupling

[194]. In antiferromagnets, thus the weak ferromagnetism can result either from DM in-
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teraction or from the single-ion magnetic anisotropy (also known as magnetocrystalline
anisotropy). In orthoferrites, though both of these mechanisms may simultaneously
operate, it has been shown that the antisymmetric exchange interaction (DM interac-
tion) to be the dominant mechanism responsible for the observed weak ferromagnetism
[197, 227]. Neutron diffraction studies have shown that magnetic structure of YFeOg
is I'4 (G.F,) where easy axis is along the z direction [228, 229]. In these weakly fer-
romagnetic orthoferrites, the spontaneous moment orient along the y direction whereas
Dzyaloshinskii vector D points along the x direction [197, 230]. The Dzyaloshinskii-
Moriya (DM) antisymmetric superexchange interaction is mathematically represented
as D1+ (S1 X S) where D is the Dzyaloshinskii field and S, S, are the sublattice magne-
tizations. The Dzyaloshinskii vector is proportional to the spin-orbit coupling constant,
A and vertical shift of oxygen ion from the S;— Ss line as well as the unit vector along
the line connecting the spins S; and S; and can be formulated as D15 ox Ax X ris. The
single-ion magnetocrystalline anisotropy on the other hand is determined by the inter-
action between the orbital state of magnetic ion and the surrounding strong crystalline
field. The anisotropy originates from quenching of the orbital moment by the crystalline

field and the spin-orbit coupling mediates this interaction to the spin moments.

As already pointed out, the magnetic ions are disordered at the B-site of the per-
ovskite. This leads us to consider the YFe;_,Cr,O3 system as Fe - Cr matrix in which
Fe - Fe and Cr - Cr can be treated as impurity clusters retaining their properties as
YFeOj3 and YCrOs respectively. A previous report also suggested that antiferromagnet-
ically coupled clusters of iron and chromium in antiferromagnetic collinear matrix of

Fe - Cr may be responsible for zero magnetization in La;_, /»Bi, 2Feq 5Crg 503 [191].
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Figure 6.11: Fit to the experimental data of YFe( 3Cr 403 and YFe(5Crg 503 to the

model as discussed in the text. Figure is taken from ref [199].

Due to the disordered nature of the system, the origin of reversal is related to the the
weak ferromagnetism where the net canted moments aligned opposite to the applied
magnetic field gives rise to the negative magnetization below T*. The magnetization re-
versal in YFe;_,Cr,O3 (x = 0.4 and 0.5) could be explained based on the semiclassical
model considering superexchange and the DM interaction acting on the Fe — O — Fe,
Fe — O — Cr and Cr — O — Cr pathways [166, 199]. In this model the free energy of the
system was accounted only for Heisenberg superexchange (JS;.S2)and DM interactions
D15 - (S x S2) while ignoring the single ion anisotropy contribution. The DM inter-
actions acting on the various superexchange paths Dp._ e, Dor—c and Dp._c, were
obtained from the temperature dependence of magnetization data using the J values for
Fe - Fe, Fe - Cr and Cr - Cr interactions. Interestingly, it was observed that Dp._ p.,
D¢,—c, are positive whereas Dy, 1s negative. The negative sign of Dp._ ¢, implies
that the canting of Fe - O - Cr occurs opposite to that of Fe — O — Fe and Cr - O -

Cr. As the Cr - O - Cr clusters orders at low temperature (Ty = 140 K for YCrO3),
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a competition arises due to DM interaction operating on Fe — O — Fe and Fe - O - Cr
interactions. Though the single ion anisotropy was not considered, the negative value of
Dr._c, may be a consequence of different anisotropy factor of Fe** and Cr3* ions. At
high temperature (above Ty), Fe — O — Fe orders and the easy direction is determined
by the Fe?" anisotropy direction. Below Ty, the role of magnetocrystalline anisotropy
of Cr** ions which is different compared to Fe®* ions comes into play which would fix
the easy direction of Fe - O - Cr. EPR experiments on Fe and Cr substituted LaAlO3
compounds has shown the sign of second order anisotropy terms for Fe3™ and Cr3*
are opposite which suggest that sign of anisotropy Fe and Cr would also be different
in matrix of Fe - Cr having YFeOj type structure [166, 231]. This also leads to a con-
clusion that the easy axis of matrix i.e., Fe - Cr is may be hard axis for the impurity
ion Fe - Fe and vice versa. The different anisotropy factors seems to be defining factor
which forces Fe — O — Fe and Fe - O - Cr moments to cant in opposite directions. These
two canted moments compete each other resulting negative magnetization below T*.
Above discussion thus leads us to consider the ground state of YFe;_,Cr,O3 system to
be like ferrimagnetic where the canted antiferromagnetic moments of Fe - Cr and Fe -
Fe act as two sublattice magnetizations. The net moment observed experimentally will
be determined by the sum of the canted moments of impurity (Fe - Fe and Cr - Cr) and
the matrix (Fe - Cr). Thus a compensation occurs when the canted moment of Fe - Cr
becomes equal and opposite to the Fe - Fe moments as realized for the compound with
x = 0.4. In case of compound x = 0.5, the contribution of Fe - Cr exceeds the Fe - Fe
contribution immediately below Ty. Following the model described above, a good fit is

obtained to the experimental data (taken from ref [199]) as shown in figure 6.11.
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The origin of double compensation is YFe( 2Cr( sOj5 is difficult to understand. Al-
though, it should be noticed that this compound orders at 154 K. In this temperature
range, the canted moments due to Cr - Cr clusters will also contribute and the system
will behave like a ferrimagnet having three sublattices due to canted moments of Fe -
Fe, Fe - Cr and Cr - Cr. The competing effect might result in such a double compen-
sation though microscopic understanding would require further studies and theoretical

support.

6.3.2 Structure and magnetic properties of YFe|_,Mn,O3

6.3.2.1 Structure of YFe;_,Mn,O3

Unlike YFe;_,Cr,O3, the end members of YFe,;_,Mn,O3 have different structures.

The compound YFeOs is orthorhombic as already mentioned whereas the ambient
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Figure 6.12: Unit cell parameters (a, bl\/2, ¢) and cell volume (V), obtained from
Rietveld refinements of room temperature X-ray diffraction data, plotted as a function

of Mn concentration x in YFe;_,Mn,O5.
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Table 6.3: Atomic position (x, y, z) and isotropic thermal parameters (B) of
YFe; ,Mn,O3. Fe/Mn occupy 4b site (0, 0, 0.5).

YFCl_xMIlIO;g

Site  Wyckoff Position Mn level X y z B(A?)
Y 4c 0 0.0684(1) 0.2500 0.9826(2) 0.92(2)
0.1 0.0700(1) 0.2500 0.9819(2) 0.78(2)
0.2 0.0723(1) 0.2500 0.9818(2) 1.42(2)
0.3 0.0732(1) 0.2500 0.9826(2) 1.21(2)
0.4 0.0753(1) 0.2500 0.9822(2) 1.27(2)
0.45 0.0764(1) 0.2500 0.9817(2) 1.26(2)
01 4c 0 0.4597(8) 0.2500 0.1092(8) 1.00
0.1 0.4602(7) 0.2500 0.1068(7) 1.00
0.2 0.4636(7) 0.2500 0.1092(7) 1.00
0.3 0.4610(8) 0.2500 0.1107(8) 1.00
04 0.4599(7) 0.2500 0.1142(8) 1.00
0.45 0.4575(8) 0.2500 0.1202(8) 1.00
02 8d 0 0.6935(6) -0.0574(4) 0.3087(6) 1.00
0.1 0.6908(6) -0.0592(4) 0.3072(6) 1.00
0.2 0.6907(5) -0.0570(4) 0.3057(6) 1.00
0.3 0.6892(6) -0.0570(5) 0.3055(6) 1.00
04 0.6855(6) -0.0558(5) 0.3038(6) 1.00
0.45 0.6870(6) -0.0576(5) 0.3011(7) 1.00

pressure phase of YMnOj3 has hexagonal structure (SG P63cm). Due to the different
crystal structure of the parent compounds, a solid solution of YFe,; ,Mn,O3 can be
obtained up to 45 % of Mn substitution. Above this limit, the structure is a mixture of
orthorhombic and hexagonal phases and finally leads to the hexagonal structure. Ri-
etveld refinements carried out on the room temperature X-ray diffraction data confirms
the orthorhombic structure (SG: Pnma). The obtained cell parameters and calculated
volume are plotted against the Mn concentration in figure 6.12. The cell parameter a
increases with x whereas the parameter b and ¢ decreases with increasing Mn concen-
tration. Thus, calculated cell volume decreases first and then increases. The increase

in the a parameter with x indicates the presence of Jahn - Teller distortion associated
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with Mn3* ions, consistent with increasing difference between the equatorial and apical
bond distances with x. Both Fe3* and Mn3* ions are randomly distributed at the 4b site
in the Pnma space group. These results are in accord with the earlier observations on
oxides of the RFe;_,Mn,O3 (R = Pr, Gd, Dy) family [219]. The result of Rietveld

refinements are summarized in table 6.3.

6.3.2.2 Weak ferromagnetism and spin-reorientation in

YFe|_,Mn,O3

The field cooled magnetization as a function of temperature recorded at an applied field
of 100 Oe is shown in figure 6.13 and figure 6.14. As seen in figure 6.13, the parent

compound YFeOj; (right axis) exhibits a weak ferromagnetic behavior in agreement
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Figure 6.13: Field cooled magnetization curves of YFe; ,Mn,O3 for x= 0 and 0.1

showing spin reorientation transition.
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with earlier reports [227]. For x = 0.1, the canted antiferromagnetic state (AFM1) is
retained down to 113 K (Tsg) below which magnetization drops sharply to nearly zero
and does not change appreciably with further decrease of temperature. The transition
from the canted antiferromagnetic (AFM1) to nearly collinear antiferromagnetic state
(AFM2) is the spin — reorientation transition similar to Morin transition observed in
hematite and orthoferrites [112, 232]. This transition is similar to the Cr substituted
YFeOj3 systems as discussed in the previous section. In contrast to Cr substituted com-
pounds, the present system shows a sharper transition indicating first-order nature of
spin-reorientation. This is probably due to the large anisotropy associated with Mn3*
ions [195, 196, 233]. With increasing Mn concentration, Tsg increases whereas the Ty
decreases as seen in the inset of figure 6.14, where Ty values for x= 0.1 — 0.3 are taken
from reference [234]. For x= 0.4, both Tsg and Ty lies between 300 and 400 K. For x=
0.45, only one magnetic transition is observed at 330 K suggesting that the spin reorien-
tation occurs at the Néel temperature. On the other hand, the substitution of Mn causes
the spin — reorientation transition due to its large magnetic anisotropy which accounts
for the increase in Tsg with increasing Mn concentration x [233]. The first — order na-
ture of spin — reorientation transition is also evidenced from the hysteresis in the field
— cooled warming (FCW) and field — cooled cooling (FCC) magnetization data (figure
not shown). It is interesting to note the temperature dependence of magnetization in
the low temperature AFM?2 state. For x= 0.1, the magnetization is close to zero and
remains almost unchanged with decreasing temperature. For x= 0.15, 0.2 and 0.3, the
magnetization increases at very low temperatures indicating a weak spin canting in the

AFM2 state as well. This is supported by magnetic isotherm data of YFe( ¢Mng 4O3 at 5
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Figure 6.14: Field cooled magnetization curves of YFe,; ,Mn,Oj3 at an applied field of
100 Oe. Inset shows variation of Ty, Tsg and T* (at 100 Oe) against the Mn concentra-

tion.

K where a weak hysteresis could be seen (figure 6.15). At an intermediate temperature
(240 K) in the AFM2 state, where magnetization is almost temperature independent,
a linear hysteresis loop suggests absence of spin canting. At 340 K, the hysteresis is

consistent with spin canting in the AFM1 state.

6.3.2.3 Magnetization reversal

The novel aspect here is the temperature-induced magnetization reversal observed for
x= 0.4 and 0.45. For x= 0.4, the magnetization becomes zero at a compensation temper-
ature, T* = 90 K (at 100 Oe) below which it is negative down to the lowest temperature

measured as shown in figure 6.15. The other compound, YFe( 55Mng 4503 shows nega-
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Figure 6.15: Field cooled data of YFe;sMng 4O3 and YFe( 55Mng 4503 showing mag-
netization reversal at low temperatures. Magnetic isotherms collected at different mag-
netic states (canted, collinear and weakly canted) for x = 0.4 sample are shown in the

inset.

tive magnetization below T* = 125 K. With increasing Mn concentration, T* increases,
though it was not possible to go above x = 0.45 and would need high pressure synthesis.
Further, with increase in magnetic field strength, T* decreases and above a critical field
strength the magnetization value becomes positive similar to BiFey sMng 503 (figure

5.3).

6.3.2.4 Neutron diffraction studies on YFe)gMng 403

Similar to Cr compounds, the neutron diffraction data of YFeysMng 4O3 collected at
400 K shows the presence of small peaks at 26 ~ 21° as shown in figure 6.16. As the

Fe?* and Mn?®* ions are disordered at the 4b site of YFe;_,Mn,Os, Fe — O — Fe, Fe — O
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Figure 6.16: Rietveld refinement on the neutron diffraction data of YFe, ¢Mng 4O3 col-

lected at (a) 400, (b) 340 and 2 K. Magnetic reflections are indicated by arrows.

— Mn and Mn — O — Mn would order at the Néel temperatures of their respective parent
compounds YFeOj3 (640 K), YFe; _,Mn,O3 (Ty) and YMnOj; (40 K) respectively [198,
229]. As this compound orders at Ty = 367 K, presence of the magnetic peaks at 400 K

indicates the ordering of Fe - Fe clusters.

At 340 K, we observe that the most intense magnetic reflections (shown by arrow in
figure 6.16b) correspond to the magnetic reflections arising from the ordering of Fe — O
— Mn superexchange interactions. The AFMI1 state at 340 K in YFey ¢Mn( 4O3 (figure
6.15), has been modelled by the irreducible representation I'4 (G, F,) which is well
known in the family of orthoferrite compounds. The component A, is very small and

thus neglected. The most intense magnetic reflections as indicated by arrow, correspond
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to (1 10)and (0 1 1) planes which appear near 26 of 31°. The (1 1 0) reflection is more
intense than the second reflection (0 1 1). The reflections near 26 = 36.5 ° corresponding
to (10 1) and (0 2 0) planes are weak in the present compound which probably appears
in YFeq5Cry 503 due to presence of ['2 structure below Ty. As shown in top panel
of figure 6.17, at 340 K the spins has easy direction along z-direction with a canting
towards y-direction. This canting along y direction produces a net moment which is

observed in magnetization measurements.

The neutron diffraction data collected at 2 K (figure 6.16¢) shows that the intensities
of (1 10)and (01 1) is reversed as compared to the 340 K data. This reflects a spin
reorientation transition as also indicated in the magnetization showing a change from
a canted to collinear states. As the equation 6.2 suggest that the most probable spin
configuration would be I'1 which does not allow any ferromagnetic component from
spin canting. The magnetic reflections could be described well with the I'l (G, C,)
representation where spins in G-type arrangement along x-direction is coupled with the
C-type antiferromagnetic component coupled along y-direction. At the spin reorienta-
tion transition the antiferromagnetic easy axis abruptly changes from z to x-direction.
The magnetic structure at 2 K, is displayed at the bottom panel of figure 6.17. As can be
noticed the spins are oriented along x direction with a coupled C, component. The C,
component is difficult to visualize due to small moment value. Unlike F-components,
the canting due to C, does not result in weak ferromagnetic moment. This is consistent
with earlier reports which suggested the magnetic structure to change from I'4 to I'1 in
RFe; ,Mn,O3 (R =Y, Pr, Gd and Dy) compounds [219, 234]. Results of the Rietveld

refinements on the Neutron data are given in table 6.4.
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Figure 6.17: Magnetic structure of YFeysMng 4O3 at 340 (above Tsg) and 2 K (below

Tsgr) having I'4 and I'l configuration respectively.

The spin reorientation transition from ['4 to I'l in YFey sMng 4Og is similar to that
observed in DyFeO3 and ErCrO3 [235, 236]. In these orthoferrites/orthochromites, the
abrupt spin reorientation was explained in terms of anisotropy of rare earth ions which
exceeds the anisotropy of Fe or Cr ions at Tsg [112]. In YFe;_,Mn,O3, the magnetic
ions Fe3* and Mn®* have different magnetic anisotropy. In fact the Jahn-Teller dis-
torted Mn>* ions are known to possess large anisotropy as observed in Fe;_,Mn,O,
and yttrium iron garnet systems [195, 196, 233]. At high temperature the anisotropy
contribution of Fe3" is larger and determines the easy direction. With decrease in tem-
perature the anisotropy contribution of Mn3* overcomes to that of Fe3* and this forces

the Fe — O — Mn moments to change the easy axis along the x direction.

It should be noted that I'1 structure does not contain any F component which would
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Table 6.4: Atomic position (x, y, z), isotropic thermal parameters (B), Magnetic mo-

ments (1), lattice parameters and other reliability factors at 400, 340 and 2 K as obtained

from Rietveld refinements on neutron data.

YFCO.(;MDOAO?)

Site  Wyckoff Position x y z B(A?)

Y 4c 0.0736(2) 0.2500 0.9823(3) 0.68(2)

0.0746(3) 0.2500 0.9819(3) 0.84(6)

0.0757(3) 0.2500 0.9812(4) 0.45(7)

Fe/Mn 4b 0.00000 0.0000 0.50000 0.41(3)

0.00000 0.0000 0.50000 0.11(7)

0.00000 0.0000 0.50000  0.04(7)

o1 4c 0.4638(3) 0.2500 0.1100(4) 0.75(3)

0.4621(4) 0.2500 0.1118(5) 0.84(6)

0.4637(4) 0.2500 0.1130(5) 0.46(7)

02 8d 0.6860(2) -0.0554(2) 0.3045(2) 0.74(2)

0.6862(3) -0.0557(3) 0.3041(3) 0.82(4)

0.6869(4) -0.0553(3) 0.3037(3) 0.73(5)

Temperature (K) Magnetic Structure ~ Magnetic moment, . (1)
M Hoy Mz
340 K F (A, F,G,) 0.00 0.29(9) 1.51(2)
2K I'(G,CyA,) 3.43(12) 0.16(10)  0.00
T (K) a b c x> R, Ry, Rp Ryfactor

400 5.6780(1) 7.5302(1) 5.2777(1) 7.43 11.0 114 498 4.14
340 5.6820(1) 7.5304(1) 5.2787(1) 4.01 14.0 13.0 2.86 2.26
2 5.6791(1) 7.5080(1) 5.2679(1) 546 13.3 132 3.24 2.40

restrict the system to exhibit canted antiferromagnetic behavior. The magnetic behavior

in AFM2 state is difficult to understand and correlate to the neutron diffraction results.

In contrast to the collinear magnetic state I'l observed in neutron experiment, mag-

netization measurement rather showed a spin canting at low temperature. The weak

ferromagnetic behavior at low temperature (< T*) is small compared to the magnetiza-

tion value in the AFMI state as shown in the magnetic isotherms in figure 6.15. Our

efforts to model the low temperature (2 K) magnetic structure with either (I'l + I'4) or

(I'1 + I'2) phases, which would allow a weak ferromagnetism, were not successful. The
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canted antiferromagnetic behavior may arise due to the presence of ['4 spin structure of
AFM1 state or the ['4 phase of Fe - Fe impurity clusters. As the contribution is signifi-
cantly less compared to the dominant I'1 phase and also the magnetic reflections appear
at the same 26 position, it is indeed difficult to identify this in neutron diffraction. The
other possibility can be a magnetic field induced transition where the spin structure I'1
may change to a different structure allowing weak ferromagnetism. Neutron diffraction

experiments under a magnetic field would be required to confirm this speculation.

6.3.2.5 Origin of magnetization reversal in YFe;_,Mn,O3

Assuming the existence of weak ferromagnetism in AFM?2 state, the semiclassical
model described in case of YFe;_ ,Cr,Oj still can not explain the reversal. This re-
flects the importance of anisotropy of Mn* which needs to be accounted with the DM
interaction. Although, it is expected that in a polycrystalline material the anisotropy
would be averaged out to zero, under some preparative conditions anisotropy can exist.
The role of anisotropy has been confirmed by aligning the powder sample in a static
magnetic field of 5 kOe. For this experiment, powder samples was mixed in a semi-
viscous epoxy resin (GE varnish) and heated above Ty and a magnetic field of 5 kOe
applied using a permanent magnet. This was allowed to solidify slowly at room temper-
ature in presence of magnetic field. The solid piece was then used to measure the field
cooled magnetization while applying the magnetic field parallel and perpendicular to
the direction of alignment as shown in figure 6.18. As seen in figure the transition tem-
peratures remain same but there is large change in the magnetization value as well as in

the compensation temperature. Different behavior in the magnetization measurements
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Figure 6.18: Field cooled magnetization curves of YFeq;sMnj 403 under 100 Oe of

aligned powder sample measured in parallel and perpendicular to the magnetic field.

supports the existence of anisotropy in the powder sample.

In AFM2 state, the present system can also be considered to hold a ferrimagnetic
ground state arising from the coupling of canted moments of Fe - Fe and Mn - Mn as the
Fe - Mn forms a collinear spin structure I'1 as indicated from the neutron diffraction.
The competition of these sublattices (Fe - Fe and Mn - Mn) thus can result a compensa-
tion temperature. As indicated in the neutron diffraction data at 400 K, the canted Fe -
Fe clusters would still be present at low temperature. The Mn - Mn clusters which order
at ~ 42 K [198], are not expected to show canted antiferromagnetism at high temper-
ature (~ 7). Although, there is a possibility that Mn - Mn moments are polarized by
Fe - Mn or Fe - Fe moments which might contribute to net canted moments. As Fe -

Mn moments give a net zero moment, the negative magnetization may arise due to the
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polarized Mn - Mn cluster moments opposite to the canted moment of Fe - Fe.

Other than the results presented here, the reversal phenomenon has also
been observed in compounds with mixed magnetic ions at the B-site such as
La;_,/»Bi, sFeq 5Crg 503 [191, 201] and YCr;_,Mn, O3 (x = 0.1 and 0.2) [200]. These
distorted perovskites constitute a class of materials where magnetization reversal might
have a similar origin. The present studies suggest that temperature-induced magnetiza-
tion reversal may be a common phenomenon in canted antiferromagnetic system with

mixed magnetic ions having different anisotropy.

6.3.2.6 Magnetocaloric effect in YFe;_,Mn,Os3

As discussed previously, in the Mn substituted YFeO3; compounds, the antiferromag-
netic ordering is second-order whereas the spin-reorientation is a first order transition.
We shall now discuss magnetocaloric effect (MCE) across the two magnetic transitions
in YFe;_,Mn,O3. The entropy change (AS) can be calculated from magnetic isotherms

data employing Maxwell’s equation (6S/dH) = (0 M /6T") which follows to

AS(T, H) = / ((;—Aj{)dH (6.5)

Experimentally, if the isotherm data are collected at constant steps of field and temper-

ature, the above equation is approximated by,

1
ASy = Z T - T, (M; = Mis1)n AH; 6.6)

where M; and M, are the magnetization values collected at the temperatures T, and

T, at the constant field value of H [237]. Figure 6.19 shows entropy change (—AS)
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Figure 6.19: Entropy change, —AS against temperature for YFe; ,Mn,O3. Inset
shows the same for compound with x= 0.45

as a function of temperature at different magnetic field calculated from isothermal mag-
netization data using the above equation. For all the compounds, entropy change shows
a negative peak or inverse MCE at the first — order spin — reorientation transition. For a
given sample, the peak in —AS shifts towards lower temperature with increasing mag-
netic field strength which is consistent with the magnetic field dependence of spin —
reorientation transition temperature. Above Tgg, the entropy change becomes positive
and shows a normal MCE at the antiferromagnetic to paramagnetic transition where the
peak is independent of magnetic field as this transition is second — order. It is evident
from the figure 6.19 that the MCE can be tuned to above room temperature by varying
Mn concentration. Further, for a given magnetic field and with increasing Mn concen-

tration, the change in entropy (—AJS) shows a maximum at x= 0.15 which correlates
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well with the corresponding magnetization value (not shown). For x= 0.45, though we
do not see a clear separation of Tsg and Ty in magnetization data, our magnetocaloric
measurements (inset in figure 6.19) clearly show a negative and positive MCE at 300
K and 327 K respectively at 7 T. The most interesting points to note here is the tunable
MCE over a broad range of temperature (100 to 320 K for inverse MCE and 330 to 640
K for positive MCE) and presence of positive as well as inverse MCE in the same mate-
rial. Having both types of MCE in the same system allows the material to be used as a
refrigerant during magnetization (in case of inverse MCE) or demagnetization (in case
of positive MCE) processes as observed in few systems [238, 239]. Unfortunately, the
entropy change in the present case is two orders lower compared to Gd, [240] because
the change in magnetization is small as the transitions involved are collinear to canted
antiferromagnetic and canted antiferromagnetic to paramagnetic states. In the case of
large magnetocaloric materials, the change in magnetization is large because of ferro-

to para or ferro- to antiferromagnetic transitions [240, 241].

6.4 Conclusions

The compounds YFe,; ,Cr,O3 and YFe; ,Mn,O3 crystallize in the orthorhombic
structure (Pnma). The chromium and manganese substituted compounds show sec-
ond and first order spin-reorientation transitions below the Néel temperature. In case
of Cr substituted compounds, the canted spin structure ['4 changes partially to ['2 state
whereas in Mn compounds the spin structure changes from I'4 completely to I'1 at
the spin reorientation transition. Most interestingly, negative magnetization is observed

near equal mixing of Fe and Cr (or Mn). In these disordered oxides, the canted moments
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due to DM interaction give rise to a ferrimagnetic like ground state and the competition
of which results in compensation. Present study also suggest that magnetization rever-
sal may be a common phenomenon in distorted perovskites containing mixed magnetic
ions of different anisotropy. The observation of positive and negative tunable mag-
netocaloric effect in YFe;_,Mn,O3 at the antiferromagnetic and spin — reorientation

transitions respectively, is another interesting aspect.
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CHAPTER 7

Ferroelectricity and Magneto(di)electric Effect in

Centrosymmetric YFel_XMnX()g>l<>l<

7.1 Introduction

Magnetoelectric multiferroics are the materials which not only exhibit coexistence of
ferroelectricity and ferromagnetism but also show a coupling between the order pa-
rameters i.e., the electric polarization can be altered or even switched with magnetic
field and vice versa [13]. The cross-coupling between ferroelectric and ferro- or anti-
ferromagnetic orders give rise to an extra degree freedom in device operation and has
been suggested demonstrated to be useful for new device applications [78, 79]. Unfor-
tunately, in most of the magnetoelectric multiferroic materials, the coupling is either
weak or realized far below room temperature, which makes most of them inapplica-
ble for practical usage. In magnetically induced multiferroic materials, ferroelectricity
originates from a complex magnetic ordering and thus the cross coupling is quite strong.
Magnetoelectric effect in these compounds is manifested in terms of the occurrence of
a magnetically tunable polar state [34-36]. The magnetoelectric coupling inevitably
leads to a magnetodielectric effect where the dielectric behavior can be changed with
an external magnetic field. In several systems, however, magnetodielectric effect oc-
curs without the presence of any polar state [242, 243]. Such magnetodielectric mate-

rials can also have potential applications in microwave tunable filters, miniaturization

**This work has appeared in Phys. Rev. Lett. 107, 137202 (2011).
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of antenna, magnetic sensors and spin-charge transducers [244]. The isostructural com-
pounds SeCuO3 and TeCuOj3 exhibit magnetodielectric effect at ferromagnetic (Tcg =
25 K) and antiferromagnetic (Ty = 9 K) transitions, respectively, due to spin-phonon
coupling [242]. The strength of the magnetodielectric coupling is quantified in terms of
the capacitance change upon application of magnetic field. The observed change in the
capacitance is termed as magnetocapacitance and signifies a coupling between electric
and magnetic orders. However, magnetocapacitance can originate from extrinsic effects
in a Maxwell-Wagner effect due to a finite magnetoresistance[245, 246]. The magneto-
capacitance is therefore not a confirmative signature of magneto(di)electric effect and
it is necessary to identify and separate out the intrinsic magnetocapacitance from the

interfacial magnetocapacitance [245].

In the previous chapter, we have discussed that spin reorientation in YFe_,Mn,O3
is a first order transition whereas the antiferromagnetic ordering is second order. During
the spin reorientation, the magnetic structure changes from I'4 to I'1 and so the transi-
tion is termed as a order - order type. We speculate that the first order transition might
involve a change in the the local lattice structure that couples with the magnetic structure
change. This motivated us to examine the coupling between electric order and magne-
tization by means of dielectric study. In this chapter, we discuss magneto(di)electric
effect across the magnetic transitions in Mn substituted YFeOs. The parent compound
YFeOj; is a canted antiferromagnet below the Néel temperature (Ty = 640 K), due to
the antisymmetric Dzyaloshinskii-Moriya interaction [197]. The Mn substituted com-
pounds show three magnetic states, canted antiferromagnetic state (Tsg < T < 1N),

collinear state (1™ < T' < Tsg) and weakly canted antiferromagnetic state (7" < T™).
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With increase of x in YFe;_,Mn,O3, Ty decreases whereas Tsr increases and these two
transitions occur close to 330 K for x = 0.45. Interestingly, we found magnetodielectric
effect at the spin-reorientation as well as at the antiferromagnetic transition. A large
magnetocapacitance of 18% (50 kOe) is observed for x = 0.4 near Tsg. Furthermore,
ferroelectricity appears at low temperatures (115 - 160 K) and the transition temperature
(Tcg) decreases with increasing Mn concentration. Below Tcg, the electric polarization
could be modified by an external magnetic field confirming a magnetoelectric coupling
in these compounds. Anomalies in the temperature dependent phonon modes associ-
ated with the Jahn-Teller distorted MnOg octahedra, as probed by Raman spectroscopy,
indicated a spin-phonon coupling at Ty, Tsg and Tcg. This could be the underlying
mechanism for the magnetodielectric effect whereas the origin of ferroelectricity is re-

lated to the spin disorder at the B-site of the perovskite.

7.2 Experiments

Phase pure polycrystalline samples of YFe; ,Mn,O3; (x = 0.1, 0.2, 0.3, 0.4) were
prepared by solid state reaction route and details are described in the previous chap-
ter. Magnetic measurements were carried out with a Vibrating Sample Magnetometer
(VSM) in a Physical Property Measurement System (PPMS). Silver paint was applied
on both sides of pellet and the capacitor was mounted in a custom made sample probe
assembly which was then inserted in a 14 T cryo-cooled magnet system to collect tem-
perature and magnetic field dependent data. Agilent 4294A impedance analyzer was
used to study dielectric properties in the frequency range 100 Hz to 1 MHz by applying

a small AC bias of 20 mV. Pyroelectric measurements were carried out using a Keithley
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6517A electrometer. During this measurement the sample was poled down to lowest
temperature and then shorted after removing the field to discharge any stray current.
Pyroelectric current was then measured while heating the sample at the rate of 4 K/min.
Raman experiments were carried out in the backscattering geometry using custom built
Raman equipment [247] with a 532 nm laser excitation from a frequency doubled Nd-
YAG laser with the laser power of 8 mW at the sample. Temperature dependent studies
were performed using a temperature-controller (Linkam TMS 94) equipped with a heat-

ing stage unit (Linkam THMS 600).

7.3 Result and discussions

7.3.1 Magnetodielectric effect

The compounds were single phase with the orthorhombic structure (space group: Pnma)
as discussed in the previous chapter [200]. In this space group, Fe and Mn ions are
randomly distributed at the same crystallographic (4b) site and therefore rules out the
ordering of Fe and Mn ions. Mossbauer study has shown that Fe ions are present in
trivalent state [248]. The local Jahn-Teller distortion inferred from different Fe/Mn —
O bond lengths and change in lattice parameters with x confirm that Mn ions are also
present in trivalent state. Figure 7.1 shows the variation of dielectric constant (left axis)
and field cooled (FC) magnetization data (right axis) with temperature for compounds
with x = 0.2 and 0.3. As clear from the figure, we observe anomalies in dielectric
constant behavior near the magnetic transitions. This is a signature of coupling between
dielectric and magnetic properties known as the magnetodielectric effect. The dielectric

constant and magnetization data for x = 0.4 sample are displayed in figure 7.2. It can
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Figure 7.1: Magnetodielectric effect in YFe; ,Mn,O3. Dielectric constant (left axis)
shows an anomaly near the reorientation transition in field cooled magnetization data
(right axis) in compounds YFe;sMng 203 (upper panel a) and YFeq;;Mnj 303 (lower
panel b).

be noticed that the dielectric anomaly is pronounced at higher Mn-concentration. For x
= 0.1, we could not detect any anomaly at Tsg using our impedance analyzer indicating

the important role of Mn in inducing magnetodielectric effect.

For a detailed investigation of magnetodielectric effect at the magnetic transitions,
we chose the composition with maximum Mn content (x = 0.4), exhibiting spin reori-
entation close to room temperature. Figure 7.2a shows magnetization data for x = 0.4
recorded in field cooled warming (FCW) and field cooled cooling (FCC) modes (shown
by arrows) under an applied field of 100 Oe. It can be seen that there is an irreversibil-

ity between the curves at Tsg = 317 K (100 Oe) confirming that the spin reorientation
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Figure 7.2: Temperature dependence of (a) field cooled magnetization data under ap-
plied field of 100 Oe and 50 kOe showing change in the spin reorientation temperature
and (b) dielectric constant at 0 and 50 kOe revealing a magnetocapacitance effect in

YFe( ¢Mng 4O3. The inset shows magnetocapacitance which is maximum around Tgg.

is a first-order transition whereas the antiferromagnetic transition at Ty = 367 K is of
second order. Dielectric measurements show a step-like increase in dielectric constant
above 250 K and anomalies at Tsg (figure 7.3a) and Ty (figure 7.3b). Origin of the large
value of dielectric constant at room temperature (2500 at 1 kHz) and step-like increase
will be discussed later. A dielectric anomaly is also seen at Ty (figure 7.3b), confirming
the magnetodielectric effect at both the magnetic transitions at Tsg and Ty. To explore
the magnetodielectric effect further, we have investigated the effect of magnetic field
on the spin reorientation transition and dielectric constant. Increase of magnetic field

not only reduces Tsg but suppresses the spin reorientation as it is induced by strong
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anisotropy of Mn3* ions. As figure 7.2a demonstrates, on application of high magnetic
field (50 kOe) Tsg is reduced to 305 K from 317 K (at 100 Oe), indicating that the
dielectric constant might be affected by the applied magnetic field. We, indeed, observe

large effect near 317 K at 50 kOe with no significant shift in the dielectric constant (fig-

C(H)-C(H=0) | 100)

ure 7.2b). The change in the capacitance i.e., magnetocapacitance ( CH=0)

is found to be ~ 25% at 6 kHz near Tsg. This magnetocapacitance value is quite large
and more importantly appears near room temperature. Due to limitation of magnetic
field at high temperature, we could not measure magnetocapacitance at Ty. However, a

magnetocapacitance of ~ 5% at 50 kOe is observed at 360 K.

7.3.2 Maxwell-Wagner relaxation and intrinsic magnetocapaci-

tance

As mentioned before, the measured magnetocapacitance has both intrinsic and extrinsic
origin. In order to estimate the intrinsic contribution to magnetocapacitance near Tgg,
we have carried out temperature and frequency dependence of capacitance and loss.
Before we discuss about magnetocapacitance, it is important to understand the step-like
increase of dielectric constant and its high value. A large dielectric constant is observed
in ferroelectric materials near the Curie temperature. In non-ferroelectric materials,
large dielectric constant values are observed due to polarization at grain boundaries or
at the material-electrode interface known as Maxwell-Wagner effect [113]. As there is
no magnetic anomaly at 250 K, the large value of dielectric constant in the present case
may arise from Maxwell-Wagner effect. This was confirmed from the loss data which
showed two peaks corresponding to different relaxations. The low temperature peak

that corresponds to the step-like increase in dielectric constant, shifts towards high tem-
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Figure 7.3: Temperature dependence of dielectric constant (¢,) of YFeqsMng 403 at
different frequency showing relaxation near (a) spin reorientation and (b) Néel temper-

ature

perature with increasing frequency, thus confirming the presence of Maxwell-Wagner
relaxation. Clearly, there is a contribution from the Maxwell-Wagner effect to the ob-
served magnetocapacitance effect. The second peak at high temperature, corresponds to
the dielectric constant anomaly at 320 K, follows Debye relaxation. To estimate the ex-
trinsic contribution due to Maxwell-Wagner effect to the magnetocapacitance, we have
analyzed magnetoresistance and the frequency dependence of magnetocapacitance and
magnetoloss. In the Maxwell-Wagner model, the material under test can be considered
as two parallel capacitance-resistance (C-R) circuits connected in series with one of
the resistance in C-R circuits possibly having magnetically tunable resistance. Conse-
quently, a finite magnetoresistance can induce a magnetocapacitance which should not
be attributed to magnetodielectric coupling [245]. Intrinsic behavior can be observed at

frequencies greater than the corresponding relaxation time (fo = 7, = RC~') below
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which the slow resistive processes contribute significantly to the dielectric response.
Four-probe resistivity data showed a high value (> 10° Ohm-cm) near room tempera-
ture indicating insulating behavior of the compound. A negligible magnetoresistance
( £ 0.3%) was observed near the magnetic transitions even at a high field of 50 kOe
whereas the corresponding magnetocapacitance value is 18% as shown in the inset of
figure 7.4. Thus, the large magnetocapacitance observed here cannot be explained in

terms of small magnetoresistance.

We have estimated the extrinsic and intrinsic contributions by analyzing the fre-

quency dependence of magnetocapacitance and magnetoloss. As shown in figure 7.4a,
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Figure 7.4: (a) Top panel shows frequency dependence of dielectric constant (left axis)
and loss (right axis) under magnetic fields of 0 and 50 kOe at 320 K. Bottom panel
(b) shows magnetocapacitance (MC) and magnetoloss (ML) against frequency. Inset
shows field dependence of magnetocapacitance. Large MC and low ML values at high

frequency indicate intrinsic magnetodielectric behavior.
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the real part of dielectric constant shows a fall with increasing frequency, which coin-
cides with the peak in loss spectra (at 55 kHz). This behavior is indicative of a Debye-
like relaxation process in a Maxwell-Wagner system. At 50 kOe of magnetic field, the
dielectric constant value decreases with a corresponding shift in the loss peak to 44
kHz. Magnetocapacitance value increases at low frequency taking a peak at 16 kHz and
remains almost constant at high frequency (f > 7, '). On the other hand, magnetoloss
changes from high negative value (-20 %) at low frequency to a positive maximum
value of 12 % at 10 kHz whereas at very high frequency the magnetoloss value is small.
An important feature to note that at low frequency the maximum of magnetocapaci-
tance and magnetoloss curves do not exactly coincide with each other which would be
expected in the case where magnetocapacitance is completely driven by extrinsic ef-
fects. On the other hand, high frequency magnetocapacitance value is quite high (18 %
at 300 kHz) where the corresponding magnetoloss is low (0.2 %). At high frequency,
Maxwell-Wagner relaxation related resistive processes do not respond and therefore the
magnetocapacitance of 18% is intrinsic. The large magnetocapacitance arises due to
the field dependent spin-reorientation transition where there is a change in the magnetic

structure that couples with the local lattice structure [217].

7.3.3 Ferroelectricity and magnetoelectric coupling

In order to explore whether the observed magnetodielectric effect at the magnetic tran-
sitions is accompanied by a ferroelectric order, we performed pyroelectric current mea-
surements. Initial pyroelectric experiments where the poling voltage was applied at

high temperature (300 K), indicated the ferroelectric transition to be below 160 K. For
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Figure 7.5: Temperature dependence of ferroelectric polarization, P in YFey ¢Mng 4O3
at positive and negative poling fields confirming bipolar nature. Polarization is ob-
served to increase with magnetic field with a corresponding decrease in the the Curie

temperature

all the results discussed, the poling voltage was applied at 200 K. Interestingly, the py-
roelectric current shows a peak ranging from 105 to 150 K for the compounds with x =
0 to 0.4 both at the negative and positive poling fields. The polarization, obtained from
integration of current data with respect to time, shows a ferroelectric to paraelectric
transition (Tcg). The transition temperature shifts to higher temperature with decreas-
ing Mn concentration and the transition was observed at 150 K for the compound with
x = 0.1. Temperature dependence of electric polarization (P) for x = 0.2 and 0.4 sam-
ples are shown in figure 7.5 and figure 7.6 both at positive and negative poling fields.

Though the polarization values observed in this system are small (0.02 xC'/cm?) they
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are comparable to those reported for related materials [34—36]. To confirms whether the
polarization is switchable, the following experiment has been performed on the sample
YFe( sMng 203 shown in figure 7.6. As seen in the figure, the polarization shows ferro-
electric to paraelectric transition for positive and negative poling fields. The capacitor
was again poled down to the lowest temperature with a bias of +1.66 kV/cm. After
shorting both ends, the capacitor was subjected to a negative field (E, ., = -4.4 kV/cm)
and shorted again. After removing the shorting, pyroelectric current was measured
in usual way. This reduced the polarization value but could not switch the polariza-
tion to opposite polarity suggesting either the applied bias is low or the polarization
is not switchable. The same procedure is repeated where the reverse bias was applied
at slightly high temperature at 100 K. Indeed, the polarization is reversed as shown in
figure 7.6. This proves the bipolar nature of these compounds. Variation of Ty, Tsg and

Tcg are summarized in figure 7.7.

To further study the magnetoelectric nature of these compounds, it is important to
note the effect of magnetic field on the ferroelectric polarization. As seen in figure 7.5,
the polarization increases with applied filed, indicating a substantial magnetoelectric
coupling. Further, with increasing field the ferroelectric transition shifts to low temper-
ature, which might indicate a relevance of spin-phonon coupling to the physical origin
of ferroelectricity. It should be noticed that although magnetodielectric effect occurs
at the magnetic transition, the polarization appears much below. This might imply that
ferroelectricity and magnetodielectric effect may not have a common origin. In mag-
netically induced multiferroic materials, the ferroelectric transition is reflected as an

anomaly in magnetization, dielectric constant and heat capacity data. In the present
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Figure 7.6: Reversal of ferroelectric polarization, P in YFey sMng O3 confirming bipo-

lar nature.
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Figure 7.7: Variation of Ty, Tsg and T¢g with Mn concentration.

system, we did not observe any anomaly which makes the magnetoelectric nature dif-

ficult to understand. However, as there is no structural transition, we believe that the
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ferroelectricity is magnetism induced.

7.3.4 Origin of ferroelectricity and magneto(di)electric effect
7.3.4.1 Spin-phonon Coupling

Raman spectroscopic measurements have been carried out across the magnetic and
ferroelectric transitions in YFey ¢Mng 4O3. Unpolarized Raman spectrum recorded at
room-temperature is shown in figure 7.8. Lattice dynamical calculations have predicted
24 Raman active modes in the orthorhombic perovskites [249]. The mode assignment
corresponding to various vibrational symmetries is shown in figure 7.8. Deconvolution
of the strongest Raman feature centered at 640 cm~! shows two prominent bands at 624
and 648 cm ™! corresponding to B3, and B, symmetries. Since, it is observed that these
modes are weak in YFeOj3 and are intense in RMnOj3 systems [249, 250], we attribute
these modes to the out-of-phase and in-phase stretching of Jahn-Teller distorted MnOg
octahedra respectively. The temperature dependence of the frequencies of modes at
624 and 648 cm~! around the ferroelectric and magnetic transitions are shown in figure
7.8 b and c, respectively. For a general case, the temperature dependence of phonon
frequency w(T), follows the relation w(T) = wy — C(1 + (2/e=0/2k5T) _ 1)) which
describes solely the anharmonic phonon-phonon scattering [251]. In the present case,
the temperature dependence of both By, and B3, modes deviates from the above rela-
tion at Tcg, Ty and Tsg. These modes display subtle hardening at Ty, softening across
Tsr and a sudden increase in phonon frequency at Tcg. These anomalous behavior is
attributed to spin-phonon coupling caused by the phonon modulation of spin exchange

integral [252]. Furthermore, the FWHM (full width half maxima) of the phonon modes
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Figure 7.8: (a) Raman spectrum of YFe(¢Mn 4O3 recorded at room temperature. Inset
shows the deconvoluted peak centered around 640 cm™! into By, and B3, modes. Tem-
perature dependence of frequency corresponding to By, and B3, phonon modes across
the (b) ferroelectric and (c) magnetic transitions. Solid lines in (c) are guide to eye and

dotted lines in (b) represent the anharmonic contributions.

increases below Tsg and Tcg (data is not shown), which indicates that there is a de-
crease in the lifetime of the phonons due to spin-phonon coupling. Thus, these results
suggest that the spin-phonon coupling is responsible for the magnetodielectric effect at

the magnetic transitions.

7.3.4.2 Spin disorder

Ferroelectricity in magnetism induced multiferroics has been observed to appear from
cycloidal and conical spin structure [34-36]. Neutron diffraction studies as discussed

in Chapter 6, did not confirm presence of any complex magnetic ordering at low tem-
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Figure 7.9: Spin-disorder model [71] showing a net polarization induced when magnetic

ions are disorder randomly.

perature. For the present compound, the ferroelectricity can be understood in terms
of spin-disorder model proposed by Bharath ef al [71]. In this scenario, each adjacent
spins (S; and S;) pair produces a local polarization and net polarization can be expressed

as

P:aZezjx(Siij)

<1,7>

where, e;; is unit vector along the direction connecting the adjacent spins and a is a
constant involving spinorbit and spin-exchange interactions as well as the possible spin-
lattice coupling terms [63—65]. In a canted antiferromagnet although a polarization is
produced locally between two adjacent spins but next neighbour spins produces exactly

opposite polarization giving rise to a net zero polarization as shown in figure 7.9. In
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the situation, where the different magnetic ions are ordered, the net polarization is still
zero. It can be seen that when the canted antiferromagnetic moments are disordered
randomly, there is net polarization which is not canceled out (shown by thick arrow). It
is also noticed that the ferroelectricity appears nearly at temperature below which the
compounds show canted antiferromagnetic behavior in AFM?2 state. According to this
explanation, the ferroelectricity should appear at the Néel temperature. Although, due
to instrument limitation and high leakage current in these samples, the poling field could
not be applied above Ty. Very recently, few canted antiferromagnets with spin-disorder

have also been shown to exhibit magnetoelectric behavior [71, 72].

7.4 Conclusion

We have demonstrated the occurrence of the magnetodielectric and magnetoelectric ef-
fect at different temperature scales in perovskite Mn-substituted yttrium orthoferrite.
Magnetodielectric effect and large magnetocapacitance observed near room tempera-
ture is proven to be intrinsic and induced by spin-phonon coupling. The ferroelectricity

at low temperature is induced by the disorder of magnetic ions at the B-site.
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CHAPTER 8

Summary

Multiferroic properties and temperature induced magnetization reversal in Bi and Y

based perovskite oxides have been investigated.

The perovskite, BiFeO3 is a room temperature multiferroic which does not
show any macroscopic magnetization due to a spiral magnetic ordering. Substitution
of non magnetic ions such Al and Sc at the Fe-site have been found to induce finite
magnetization which might be due to suppression of spiral magnetic ordering. Further,
Sc substitution is proven to improve dielectric and ferroelectric properties compared to

Al substitutions.

Bi based double perovskite is another candidate for multiferroics where the su-
perexhange interaction between the ordered B-site ions can give rise to a ferromagnetic
ground state similar to BisNiMnQOg. Contrary to the anticipation, the high pressure syn-
thesized compound BiCr( sMng 503 has a centrosymmetric structure where Cr and Mn
are disordered. This compound exhibits unusually giant dielectric constant similar to
CaCu3TisO12. Using dielectric and impedance spectroscopy it is demonstrated that the
behavior is extrinsic and arises due to Maxwell-Wagner relaxation at the grain boundary

and material-electrode interface.

BiFe( ;Mn 503 was synthesized at high pressure and high temperature to ob-
tain coexistence of ferroelectricity and ferromagnetism. The trivalent Fe and Mn ions

are disordered at the B-site of orthorhombic structure. Surprisingly, the compound
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shows a negative magnetization below a compensation temperature. Substitution by Sr
and La at the Bi-site using ambient pressure solid state reaction changes the structure
to rhombohedral. Absence of the magnetization reversal in these compounds indicates
important role of orthorhombic distortion.

To understand the reversal phenomenon, YFe;_,M,O3 (M = Cr and Mn) were
synthesized at ambient pressure. These compounds crystallize in orthorhombic struc-
ture (Pnma) and undergo a spin reorientation transition below Néel temperature. The
transition is second order for Cr and first order for Mn substitutions. Temperature in-
duced magnetization reversal is observed in compounds near equal mixing of Fe and
Mn/Cr ions. It is observed that the reversal is common in many canted antiferromag-
netic oxides with magnetic ions disordered at the B-site. The reversal is understood
based on the ferrimagnetic like ground state arising from the antiferromagnetic cou-
pling of various superexchange interactions.

The centrosymmetric YFe; ,Mn,O3 shows a first order spin-reorientation tran-
sition below the Néel temperature. A magnetodielectric effect is observed at the mag-
netic transitions whereas ferroelectricity appears at a much lower temperatures. For x
= 0.4 sample, a large intrinsic magnetocapacitance is observed near room temperature.
Further, electric polarization could be altered by magnetic field confirming the material
to be a new magnetoelectric multiferroic. Magnetodielectric effect is attributed to the

spin-phonon coupling whereas the polar state may arise due to spin-disorder.
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