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Preface

The thesis aims to explore new polar compounds for multiferroic properties. Thus, the
thesis presents a detailed study on the structural, magnetic and multiferroic properties of polar
doubly ordered perovskites synthesized at high pressure and high temperature and on the other

polar oxides.

Chapter 1 is an introductory chapter that briefly highlights the various origins of
ferroelectricity, multiferroicity and symmetry aspects of these properties. A detailed discussion
on polar magnetic oxides resulting from inversion symmetry breaking by chemical ordering
and responsible for multiferroic properties are explained with examples. Apart from that, the
background of doubly ordered perovskites is given.

Chapter 2 describes the various experimental techniques used in the present work.

Chapter 3 deals with the multiferroic properties of doubly ordered perovskites
NaLnNiWOs (Ln = Dy-Lu and Y). These compounds crystallize in a polar monoclinic (P21)
structure and exhibit a combination of unusual layered A-site cation ordering and B-site rock-
salt ordering. Long-range antiferromagnetic ordering of Ni?* spins at Ty ~ 18 — 23 K is
accompanied by a dielectric anomaly and a change in electric polarization (AP). Analysis of
neutron diffraction data for NaYNiWOs at 20 K revealed an unconventional spin density wave
with ki = (0.471(2), 0, 0.491(4)) and a commensurate collinear spin structure with ke = (%2, 0,
%) below 18 K. The observed polarization at Tn could be due to the possible enhancement of

high temperature polarization expected from the magnetoelastic coupling.

Chapter 4 deals with the magnetodielectric properties of NaLnNiWOs (Ln = La, Pr-
Tb) with larger sized rare-earth cations. These compounds undergo a long-range
antiferromagnetic ordering in the temperature range of 23 — 30 K, depending on the Ln-ion.
Observed dielectric anomaly demonstrates the magnetodielectric behavior. Further, the electric
polarization was not observed for all the compounds within the experimental detection limit.
A simple collinear magnetic structure with the propagation vector, k = (*2, 0, ¥2) is found for
NaLaNiWOe.

Chapter 5 contains the studies on doubly ordered perovskites with different transition
metals such as Co, Mn, and Fe holding the same double ordered structure. DC magnetization

and heat capacity measurements indicate long-range antiferromagnetic ordering (Tn ~ 6-8 K)

Xi



in NaLnCoWOs (Ln = Y, Er, Tm, Yb, and Lu) and NaLuMnW®Os, which is accompanied by
the dielectric anomaly. A nonswitchable polarization is realized below Tn for NaLnCoWOsg (Ln
=Y, Er, Tm, and Yb) and NaLuMnWOe. In contrast, the polarization is switchable in
NaLuCoWOs by changing the direction of the electric field (E), indicating the ferroelectric
nature of this compound. The magnetic structure of NaYCoWOs is collinear with the
propagation vector k = (Y2, 0, ¥%2). Magnetic, heat capacity and dielectric measurements of
NaYFeWOe and NaHoFeWOg have signified antiferromagnetic ordering (Tn) coupled with the
dielectric peak. However, the pyroelectric current anomalies for NaYFeWOQOs and NaHoFeWOs

were overshadowed by leakage currents.

Chapter 6 gives a detailed account of investigations of the structural, magnetic and
multiferroic properties of two new polar compounds LiFeV,0; and LiCrAs;O7. These
compounds crystallize in the monoclinic Cc (LiFeV207) and C2 (LiCrAs207) space groups and
exhibit super-super-exchange interactions between transition metal cations. A magnetic
anomaly was found around 5 K for both the compounds. Neutron diffraction data for the
LiFeV20y7 at 2 K revealed a collinear spin structure with the propagation vector k = (0, 1, 0).
Interestingly, the magnetization plateau is observed with one-third of the saturation moment at
4.3 T for LiFeV207. This compound exhibits a significant magnetocaloric effect around T
with a maximum magnetic entropy change (—AS ~ 9 J/kg.K) at 7 T. Further, a multiferroic
behavior at the magnetic transition was found in LiFeV207. In contrast, the dielectric anomaly

was not observed for LiCrAs,O7 at the magnetic ordering temperature.
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Chapter 1

Introduction to multiferroics and polar magnetic

oxides

Summary

This chapter presents a brief introduction to ferroelectricity, multiferroics, and polar magnetic
oxides, including their definition, importance, and possible applications. Starting from the
introduction and different origins of ferroelectricity and various ways by which magnetism
and ferroelectricity can be combined for multiferroic properties in single-phase materials are
thoroughly discussed. A brief discussion on the symmetry requirement for multiferroic
materials is presented here. Further, inversion symmetry breaking by chemical ordering for
polar structure and multiferroic properties is explained. Following this, inversion symmetry
breaking in doubly ordered perovskites is discussed. Finally, the scope of the thesis is

provided.

Spin
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Ferroelectric Magnetic

Multiferroic

—



Chapter 1




Chapter 1

1.1 Ferroelectricity

Last year 2020 was celebrated as the 100" anniversary of the discovery of
ferroelectricity. Although ferroelectricity was identified 100 years ago in the 1920s in
Rochelle salt by the graduate student Joseph Valasek, at that time, its importance was seldom
realized [1]. Ferroelectricity is a characteristic of particular materials which exhibits
spontaneous polarization and can be switched by reversing the direction of the electric field.
Before this, some physicists anticipated and even predicted the feasibility of an electrical
behavior in some materials similar to the long-known analogous hysteresis behavior of
magnetic materials. The concept of Curie temperature was used in some solids by Peter
Debye in 1912. Later in the same year, Erwin Schrodinger assigned the term
ferroelectricity [2]. The names ferroelectrics, ferroelectricity, etc., are referred to the
hysteresis loop, which is originally observed in the magnetic materials. Also, related
terminologies, e.g., Curie constant, Curie temperature, etc., that characterize the

ferroelectricity are inherited from magnetic materials.

The ferroelectric hysteresis loop between electric polarization (P) vs. the electric field
(E) of Rochelle salt was published in Physical Review in April 1921 [1]. After this, less
attention was paid to the scientific observation of ferroelectricity. In the late 1940s,
ferroelectricity was discovered in barium titanate (BaTiOs), and it triggered the understanding
and development of ferroelectric behavior in materials [3,4]. By that time, the Landau theory
(1937) [5] and later Landau-Ginzburg's (1950) lattice dynamics approach [6] were in place to
explain the mechanisms of material phase transition. Further, the role of crystallographic

point group symmetry was understood to design the new functional materials.

Rochelle salt (sodium potassium tartrate tetrahydrate NaKCsH4O¢-4H,0) displays
ferroelectric properties between 255 and 297 K (ferroelectric region), and the spontaneous
polarization (P) arises along the a-axis. The symmetry of the crystal structure of Rochelle salt
is orthorhombic (P2:2:2) in paraelectric phases and monoclinic (P21) in the ferroelectric
phase. The crystal structure of Rochelle salt is shown in Figure 1.1(a), and hydrogen bonds
between tartrate molecules and water molecules are accounted for ferroelectricity. The well-
known ferroelectric material BaTiOs undergoes a phase transition at 403 K from cubic
paraelectric phase (Pm3m) to tetragonal ferroelectric phase (P4mm) with an accompanying
displacement of atoms. The titanium (Ti) atom inside the TiOs octahedra is displaced

significantly by second-order Jahn-Teller (SOJT) distortion and is responsible for the net
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polarization, as shown in Figure 1.1(b). Upon cooling, BaTiOs undergoes a phase transition
to ferroelectric orthorhombic phase (Amm2) at 278 K and further to ferroelectric
rhombohedral phase (R3m) below 183 K.

. ®
¢ ® Ti
® o
P
. ¢
[ &

Figure 1.1 (a) Structure of Rochelle salt on (001) plane (adapted from Ref. [7]). (b) Crystal
structure of BaTiOs in tetragonal ferroelectric phase (adapted with permission from Ref. [8],
© (2008) by the Elsevier Ltd).

Some ferroelectric materials have ions with lone-pair of electrons (e.g., Pb?*, Bi®*,
Sn?*, Te**, I°%) in which lone-pair orbitals exhibit a directional bonding and result in net
polarization [9]. Similar to BaTiOs, other ferroelectrics like lead titanate (PbTiOs), lead
zirconate titanate {Pb(ZrxTi1«)Os, PZT}, lead lanthanum zirconate titanate (PLZT), and lead
magnesium niobate (PMN) are extensively studied and utilized for a variety of technological
applications, e.g., non-volatile memories, electro-optic devices, transistors, phonograph
pickups, band-pass filters, sonic delay lines, sonar, ultrasonic cleaning, medical ultrasound

uses, watches, and accelerometers, etc [9].

Other exciting properties in dielectric materials are viz. piezoelectricity and
pyroelectricity. Piezoelectricity is the ability of some crystalline materials to develop an
electrical charge for the application of mechanical stress [10]. Only crystals that are
anisotropic with a lack of inversion symmetry are piezoelectric (Out of 32 crystal classes, 20
of them are piezoelectric, as shown in Figure 1.2). Polarization occurs in single crystals of
piezoelectric materials upon application of stress. One side of the crystal develops a net
positive charge, and the opposite side develops a net negative charge. When subjected to an
external applied electric field, piezoelectric crystals undergo a reversible piezoelectric effect,
and they change shape by a small amount [9]. Pierre and Jacques Curie first discovered the
piezoelectric effect in 1880. The Curie brothers spotted the piezoelectricity in many naturally

occurring, laboratory-grown crystals, e.g., quartz, zinc blende (sphalerite), sugar, topaz,
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tourmaline, and Rochelle salt. Piezoelectric materials are used as transducers in ultrasonic

devices, phonograph pickups, microphones, accelerometers, and sonar devices [9].

The other intriguing property of dielectrics is pyroelectricity. Pyroelectrics are
subgroups of piezoelectrics, as shown in Figure 1.2. They are polar in nature and exhibit
change in polarization with respect to temperature. The polarization of pyroelectric materials
cannot be switchable by an electric field which is converse to ferroelectricity which changes
polarization direction by changing the direction of an electric field. Hence, all ferroelectrics
are pyroelectrics, but the reverse is not true. Example for pyroelectric materials is tourmaline,
lead zirconate titanate, wurtzite, and triglycine sulfate, etc. Pyroelectrics can be used in IR
detection, imaging, and power generation, etc. The pyroelectric material LiTaOs is used in

scanning microcalorimeter and microenthalpimeter [9].

32 Crystallographic Point Groups

-1 20 Non-Centrosymmetric Piezoelectric
2/m

mmm 10 Polar

4/m 22 -6 Pyroelectric/ferroelectric
4/mmm -4 622

=3} 422 -6m2 1 4mm

-3/m -42m 23 2 3

6/m 32 -43m m 3m

6/mmm mm2 6

m3 4 6mm
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Figure 1.2 Crystallographic point groups (point group 432 is noncentrosymmetric but not
piezoelectric)

1.2 Multiferroics

Looking at history, Hans Schmid coined the term multiferroic in 1993, considering the
previous classification of ferroic materials by Aizu [11,12]. Multiferroic materials are those
materials that exhibit two or more primary orders, such as ferromagnetism, ferroelectricity,
ferroelasticity, and ferrotoroidicity [11,13]. A subset of these materials is called
magnetoelectric, i.e., these materials exhibit coupling between their magnetic and electric
properties. This coupling is an important parameter for modern-day applications, as it allows

the control of magnetic order by an electric field and vice versa. The term magnetoelectric
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initially specified to a linear coupling between electric polarization (magnetization) and
magnetic (electric) field, nowadays this includes all types of coupling phenomena that take
place between charge and spin degrees of freedom when discussing magnetoelectric
multiferroics [14]. Furthermore, the initial concept of coexisting order parameter has been

expanded, which also includes antiferromagnetism.

In the pool of multiferroic materials in the literature, the most intensely investigated
present-day multiferroics are BiFeOs, hexagonal RMnOsz (R = Sc, Y, In, Dy-Lu) [15,16],
orthorhombic TbMnOs [17], TbMn2Os [18], etc. However, the celebrity of the initial
multiferroic materials were boracites. Asher et al. reported a hysteric switching of a
multiferroic state of NisB7O13l by either magnetic or electric fields in 1966 [19]. Such
experimental findings were accompanied by the development of a theoretical framework that
leads to new magnetoelectric multiferroics for future technological applications.
Magnetoelectric multiferroic materials consist of many applications for modern-day
technologies [20,21]. Among these, the most promising use would be in a magnetoelectric
memory device [22]. Multiferroics can be used in devices such as spin wave generators,
magnetic field sensors, microwave resonators, phase shifter, domain wall devices,

photovoltaic solar cells, thermal energy harvesting, oxide electronics etc [20,22,23].
1.2.1 Symmetry aspects of multiferroics

Symmetries are the most fundamental deciding factors for magnetoelectric effect and
multiferroicity [14,20]. As we discussed in the previous section, for ferroelectricity, spatial
inversion symmetry (I) should be broken. On the other hand, the time reversal symmetry
(T) should be broken for magnetism. The electric polarization (13), defined as dipole moment
per unit volume, which is a polar vector, the dipole moment is given by g7, where 7 defines
the distance between the charges +q. Electric polarization (P) is odd under spatial inversion

and even under time reversal as given below [24],

Bl =1P=—_P

BL=TP=P
As stated by Neumann’s principle, “the symmetry of any physical property of a crystal must
include the symmetry elements of the point group of the crystal,” which implies that any

physical property of this crystal would remain invariant with respect to that symmetry

element present in the crystal. Thus, the materials to show spontaneous polarization should
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break the spatial inversion symmetry. Because of this, ferroelectricity or pyroelectricity
results only in the ten noncentrosymmetric (polar) point groups out of total 32
crystallographic point groups (Figure 1.2) [25]. Using Neumann’s principle, the direction of
the electric polarization can be determined. For example, in the case of orthorhombic point
group mm2, the allowed polarization is only along the z direction. If the polarization is
directed along the x- or y-direction, it would be reversed under the two-fold rotation. Detailed

polarization directions for the crystal systems are given in the book [25].

As we know, the magnetization (M) is an axial vector. Under spatial inversion (I) and

time reversal (T), the magnetization (M) transforms as,
M;=IM=M

M, =TM=-M

Symmetry operations on magnetization can be understood by considering magnetic moment
as a current carrying loop M ~ 7 x j, where j = ed7/dt. The magnetization changes its sign
under time reversal symmetry and remains invariant under spatial inversion symmetry, as
shown in Figure 1.3. Thus, ferromagnetic materials exhibit spontaneous magnetization by

breaking time reversal symmetry.

D

Figure 1.3 (a) Time reversal operation and (b) Inversion operation on the magnetic moment.

Similarly, the antiferromagnetic order parameter is also odd under time reversal symmetry,
which is given by L = S; — §;, changes under time reversal (T) as,

-

[p=TL=TS;— TS;=—(S;— S;) = —L
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Therefore, the antiferromagnetic order parameter changes its sign upon time reversal,

indicating the antiferromagnetic ordering also breaks the time reversal symmetry.

In the case of multiferroics, with the breaking of time reversal (T) and spatial inversion
(), the product of time reversal followed by inversion (TI) also should be broken, whereas
the product (IT) is not broken in magnetoelectric. Thus, by checking the symmetries, one can
understand whether a material with a corresponding magnetic structure would be multiferroic
(polarization is observed without application of magnetic field) or only a magnetoelectric

(polarization is observed only under the application of magnetic field).
1.2.2 Combining ferroelectricity and magnetism

For multiferroic property, we need to combine ferroelectricity and magnetism in a
single material. According to the classical concept, magnetic and ferroelectric properties
cannot coexist in a single-phase material [26,27]. As we know, for magnetism, the material
should have d or f electrons, while an empty d orbital is crucial for the observation of
ferroelectricity. Most ferroelectrics have an empty d orbital which contributes to the
formation of a bond between transition metal ions with the oxygen ligand. The interaction
between the empty d orbital and filled p orbital of the oxygen atom leads to the lowering of
the energy, as shown in Figure 1.4. This bonding interaction induces the effective
displacement of the transition metal cation towards the oxygen. This collective shift of
cations and anions over the whole crystal leads to net polarization resulting in ferroelectricity.
If the d orbital has an electron, the overlap between the d orbital of the transition metal and
the p orbital of the oxygen will not result in a reduction of the energy. The bond formation
between the transition metal ion and oxygen ligand will be less energetically favourable
because the electron from the d orbital would go into the anti-bonding orbital and opposes the
energy gain due to the presence of electrons in the bonding site. Therefore, displacement
essential for ferroelectricity will not occur. Many different routes have been tried to
incorporate magnetic cations in ferroelectric materials to overcome this mutual exclusive
requirement. Multiferroics are mainly classified into type-I and type-11 multiferroics based on

the mechanism of coupling between ferroelectricity and magnetism [24,27].
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Figure 1.4 The bonding occurs between the empty d-orbital of the transition metal cation and
the filled p-orbital of the oxygen ion. The arrows in green are electrons of oxygen that go into
the bonding state. If the d-orbital contains an electron (arrow in blue), then the electrons
would fill up the anti-bonding orbital and results in weakening the bond between the metal
cation and the ligand oxygen.

1.2.3 Type-I: Ferroelectricity and magnetism have independent origins

In type-lI multiferroics, ferroelectricity and magnetism occur individually from two
different ions at different temperatures, and thus the coupling between ferroelectric and
magnetic ordering is very weak [27]. Various ways have been tried to solve the well-known
d® vs. d™ problem by combining ferroelectricity and magnetism independently in a single

material. The following mechanisms are discussed below.
1.2.3.1 Ferroelectricity due to lone pair effect

In the perovskite BiFeOs, the lone pair effect of 6s? electrons of Bi** ion causes the
ferroelectricity below 1100 K by breaking the inversion center, and magnetism appears from
the ordering of Fe®* ions below 643 K [27,28]. Sometimes these 6s? electrons do not take part
in bonding: instead, they form stereochemically active lone pairs. The hybridization occurs
between the 6s orbitals of these ions and their own p orbitals or the p orbitals of the oxygen
ligand. After this, 6s orbitals are no longer spherical. Instead, they become a lobe-type shape,
as shown in Figure 1.5 (a). These lobes are free to rotate and distort the crystal structure.
Below a certain temperature, these lobes may break inversion symmetry by aligning in a

uniform direction and thus yields a net electric polarization [24,28]. The multiferroicity is
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observed with the above-discussed mechanism in the vastly studied BiFeO3 compound [28-
30].

Figure 1.5 Microscopic mechanism for ferroelectricity in BiFeOs and YMnO3 (adapted from
Ref. [31]). (a) The ordering of 6s? lone pairs (yellow lobe) of Bi** ions contribute to the net
polarization. (b) Distortion of a rigid MnOs block in YMnO3 resulting in a net polarization.

1.2.3.2 Geometric ferroelectricity

Geometric frustrated ferroelectricity is realized in AMnOz (A = Ho to Lu and Y) [32].
In this mechanism, geometric frustration leads to a polar distortion in the lattice and is
responsible for ferroelectricity. The compound YMnOs crystallizes in a hexagonal polar
P6scm under ambient pressure. In the crystal structure of h-YMnOsg, the titling of MnOs
polyhedra below ferroelectric transition temperature (Tc ~ 600 K) leads two downward Y — O
dipoles and one upward Y — O dipole (see Figure 1.5 (b)) and thus results in net electric
polarization [27,32]. The Mn** spins order antiferromagnetically below Tn ~ 80 K, and thus
this compound is multiferroic below 80 K. Another family, BaMF4 (M = Ni and Co), also

undergoes geometric frustration and belong to this class of multiferroics [33-35].
1.2.3.3 Ferroelectricity due to charge ordering

The general mechanism of charge ordering leads to ferroelectricity is illustrated in
Figure 1.6. Homogenous crystal represents as a neutral one-dimensional chain is given in
Figure 1.6(a). Sometimes site centered charge ordering occurs (Figure 1.6(b)) because of the
charge ordering of metal ions which have different valencies. In some cases, bond centered

ordering occurs due to the dimerization of homogenous crystals, as shown in Figure 1.6(c).
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Here, sites are equivalent, but bonds become different. Site and bond centered ordering do
not break inversion symmetry individually because of the presence of mirror planes;
therefore, no net dipole moment is observed. Sometimes both types of charge order take place
simultaneously, breaks the inversion symmetry, and develop a net polarization, as shown in
Figure 1.6(d) [36,37]. The ferroelectricity is reported in LuFe,Os4 because of the charge
ordering of Fe?* and Fe®" ions[38]. However, even after a decade of research, the

ferroelectricity of this compound is still questioned [39].

1-D neutral chain

" © © © U ¥ ©

Site centered charge ordering

© ( + - + - W -

@ @& © O € @ € ¢
Site and bond centered charge ordering

P e——

Figure 1.6 Illustration of charge ordering and direction of polarization.

1.2.3.4 Other mechanisms

Many other schemes with the combination of ferroelectricity and magnetism are
adopted to achieve multiferroicity. Ferroelectricity in hybrid organic-inorganic materials,
incorporation of magnetic ions in a ferroelectric material, heterostructures. Recently,
extensive work has been carried out on organic-inorganic hybrid materials for multiferroic
properties. In these materials, ferroelectricity generally originates from the ordering
alignments of the organic moiety. Most of the reported hybrid multiferroics are a series of
metal-organic perovskite formates, [ammonium][M(HCCO)s] (M = Cu, Mn, Fe, and Ni) [40-
42]. The magnetism of these materials is derived from the [M(HCCO)s] framework, while
the ferroelectric order is associated with the order-disorder transition of organic components
through hydrogen bonding, as shown in Figure 1.7. The material [(CH3)2NH2][Mn(HCCOQ);]

11
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undergoes a phase transition from noncentrosymmetric structure (R3c) to polar structure (Cc)
at 187 K and shows a magnetic transition at Tn ~ 8.5 K. Since the origin of ferroelectricity
and magnetism are different, these materials are classified under type-1 multiferroics.

(b)

@o°
&cC
@H
oN
@Mn

Figure 1.7 (a) Perovskite [(CH3):NH][Mn(HCOO)s] crystallizes in R3c, and it is paraelectric
at 300 K. (b) Low-temperature structure, where it forms hydrogen bonding (dotted line)
between N-atom of the [(CH3)2NH]" cation and the formate oxygen which leads to polar Cc,
and it is ferroelectric (adapted from Ref [43]).

The other way towards achieving multiferroic materials is to incorporate magnetic
ordering in a ferroelectric material or vice versa. This method is adopted mainly by
substituting magnetic ions in a ferroelectric material. For example, in ferroelectric PbWOs3,
the Co?* ion is substituted for magnetism leads to Pbz(CoW)Os. Several multiferroic
materials have been prepared using this strategy [44,45]. However, the magnetoelectric
coupling of these materials is also weak because the origin of ferroelectricity and magnetism
is from different atoms. Furthermore, due to the dilution of the magnetic ions, the magnetic

interaction strength of these materials is weak thus has low Curie or Néel temperatures.

A large amount of work has been dedicated to making the heterostructures of
magnetic and ferroelectric layers for magnetoelectric functioning at the interfaces [46,47].
This strategy is quite promising because it can be used in device applications. Since it is
beyond the scope of this thesis, we will be discussing the multiferroic properties of only

single-phase materials.
1.2.4 Type-11: Magnetism induced ferroelectricity

Type-1l multiferroics are those where both magnetism and ferroelectricity have a
common origin [27]. In this type of multiferroics, the particular type of complex magnetic

ordering breaks the inversion symmetry [27,28,48-50]. Since ferroelectricity arises below
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magnetic ordering temperature, the coupling between them is strong compared to type-I
multiferroics. These magnetically induced improper ferroelectric materials are the most
demanding in condensed matter physics for technological aspects. So far, three well-known
microscopic mechanisms explain the observation of ferroelectricity by magnetism. (i) Spin
current or inverse Dzyaloshiniskii-Moriya (DM) interaction mechanism, (ii) Exchange
striction mechanism (iii) Spin-dependent p — d hybridization [50,51]. In characterizing these

mechanisms, a cluster model is proposed with two neighbouring magnetic ions carrying spins
S; and S; and a ligand ion. Ferroelectric polarization in this cluster induced by spin ordering

can be represented as [50],
AP = PSP élj X (§L X 5_')]) + pms (§l‘§)})é)lj + POTb [(é)ljgl)gl - (é)u.s_‘)]).s_‘)]]

Here the unit vector €;; connects the magnetic spins S; and §] The first, second and third
term gives the ferroelectric polarization due to above-mentioned three mechanisms,

respectively.
1.2.4.1 Spin current or inverse DM interaction mechanism

Magnetically induced ferroelectricity is observed in many materials, originates from
magnetic frustration. A magnetic compound with moderate frustration tends to reduce the
extent of its spin frustration by adopting a noncollinear magnetic structure such as cycloid,
which is a noncentrosymmetric magnetic order and responsible for the so-called inverse DM
interaction [52,53]. The microscopic mechanism that induces the polarization in noncollinear
spiral magnetic structure compounds is explained by the inverse DM interaction mechanism,
also called the spin current model. In this interaction, polarization is induced under the effect
of spin-orbit interaction (SOI) in particular spiral spin structures. This model was first
introduced by Katsura and Nagosa [53]. According to this model, due to the canting of spins
in noncollinear magnets, the ligand ion would shift in order to gain the DM interaction
energy. In some particular noncollinear magnets, this shift can project onto the crystal lattice

and induces a small polar displacement and hence results in macroscopic polarization of form

P « &; x (S; x S;), as shown in Figure 1.8.
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Figure 1.8 The inverse DM interaction can induce a canting of neighboring spins, S; and S,

and results in polar displacement (adapted with permission from Ref. [54], © (2016) by the
Springer Nature).

The exchange interaction in these multiferroics is weak. Because of this reason, the
electric polarization is small relative to classical ferroelectric materials. However, the
coupling between order parameters is strong because the polarization direction is linked to
the direction of the spins. Because of the frustration, the magnetic system can adopt different
types of noncollinear spin structures, as shown in Figure 1.9. Sinusoidal spin density wave
(Figure 1.9(a)) is a centrosymmetric magnetic structure that does not induce individual
polarization in the material unless the paramagnetic crystal structure is polar. A spin density
wave (SDW) state consists of collinear magnetic moments, but their magnitudes vary

sinusoidally from one spin site to its adjacent one along the propagation direction. The spin

moment of a cycloid rotates in the xz plane with the propagation direction Q, and it is
moving from one spin site to its adjacent one, as shown in Figure 1.9(b). The cycloidal
magnetic structure breaks the inversion symmetry and allows the polarization perpendicular

to the propagation vector Q [27,49]. A more discussion on SDW and cycloidal magnetic

structure is given in chapter 3. Figure 1.9(c) shows the proper-screw structure where the spins

rotate in the xz plane perpendicular to Q. Although inversion symmetry is broken in this
case, it does not allow polarization according to inverse DM interaction, but in some
instances, it might [55-57]. The best example for cycloidal magnetic structure-driven
ferroelectricity is TbMnOs [17]. It is the first discovered spin-induced multiferroic. It
possesses a centrosymmetric orthorhombic crystal structure with Pbnm. At first, ToMnOs
undergoes a sinusoidal magnetic ordering at Ty ~ 41 K, and then it changes to cycloidal
magnetic ordering below Tn ~ 28 K, where cycloidal structure breaks the inversion symmetry
and induce polarization according to inverse DM interaction. Further, the spin-induced
ferroelectricity based on the cycloidal (transverse spiral) spin ordering discovered in many
materials such as MnWOQg, LiCuOs, BaYFeOs, CuO, NizV20g, and LiCu20. [58-62]. Apart
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from the cycloidal magnetic structure, the transverse conical spin structure can induce

polarization as reported in CoCr204 and ceratin hexaferrite [63].
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Figure 1.9 Different types of non- Figure 1.10 (a) Electric polarization
collinear magnetic spin structures can ari§e due_ to exchange striction
relevant for type-11 multiferroics mechanism as in CasCoMnOs.
(adapted from Ref. [31]). (b) Spin induced polarization by d-p
(a) Spin density wave, (b) Cycloidal, hybridization as in CuFeO..

(adapted  with  permission  from
Ref. [54], © (2016) by the Springer
Nature).

and (C) Screw-type magnetic

1.2.4.2 Exchange striction mechanism

The other mechanism of magnetically driven ferroelectrics is those in which collinear
magnetic structures induce electric polarization. In this case, all magnetic moments are
aligned along a specific axis (commensurate magnetic structure) without the necessary
participation of the spin-orbit interaction [64]. In the exchange striction mechanism, the
crystal structure deforms because of the change in bond length caused by the magnetic
ordering below magnetic ordering temperature and results in net dipole moment. If the
magnetic chain contains equivalent valence, the dipoles cancel out, and no net polarization is
obtained. When the magnetic chain consists of alternating differently charged ions, electric
polarization is induced, as shown in Figure 1.10(a). For example, the collinear up-up-down-
down magnetic spin structure induces electric polarization according to the exchange striction
mechanism. This particular up-up-down-down spin arrangement in the magnetic chain is
observed due to the existence of competing nearest-neighbor ferromagnetic (Jrm) and the
next nearest neighbor antiferromagnetic (Jarm) interactions. For collinear magnetic structure,
the ratio should be |Jrm/Jdarm| >1/2; if 1/4< |Jemldarm| <1/2, a spiral magnetic ground state is
preferred [49].
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A typical example is CasCoMnOs which has a centrosymmetric structure (R3c)
exhibits alternating Co?* and Mn** ordering and possesses up-up-down-down spin structure
below its magnetic ordering temperature (Tn ~ 16.5 K). This spin structure breaks the
inversion symmetry and induces electric polarization along the chain axis due to exchange
interaction (Figure 1.10(a)) [65]. In CasCoMnOe, exchange striction results from magnetic
transition metal cations with a different valence (Co?* and Mn*"). In some cases, one can
expect the same effect even for identical magnetic ions. This kind is observed in high-
pressure stabilized orthorhombic RMnOs (R = Ho-Lu) [51,64]. These materials have the zig-
zag fashion of Mn®*-O-Mn** bonds and spins in the form of up-up-down-down sequence.
This magnetic structure is called as E-type AFM, which shifts the oxygen ions perpendicular
to the Mn-Mn bonds by means of exchange striction and induces the polarization along the
same direction. It is shown that in the LnMn2Os family, where Mn®* and Mn*" spins are
ordered in a similar zig-zag fashion, and the observed electric polarization is ruled by the
exchange striction mechanism [18,66]. This mechanism is also observed in weak
ferromagnetic systems such as LnFeOs (Ln = Gd and Dy). In these systems, the exchange
striction between the Ln®" and Fe** moments shift the Ln®* ions in such a way that it induces
a uniform polar distortion and results in large macroscopic polarization. Since the electric
polarization of these materials involves ionic displacements, the observed polarization is

larger than that of other spin-induced polarization discussed in the previous section [64].
1.2.4.3 d-p hybridization

As discussed in section 1.2.4.1, the inverse DM interaction model does not allow
polarization in the compounds having a screw-type magnetic structure. However, the
polarization is observed in triangular lattice antiferromagnet delafossite oxides CuFeOa,
ACrO: (A = Ag, Cu) and Ml (M = Mn, Ni) with Cdl; structure, which possess a screw-type
magnetic structure [24,48,51,67]. Thus, d-p hybridization is proposed to describe the proper
screw-type magnetic structure induced polarization in these materials [68]. This model was
proposed based on spin-orbit coupling as an alternative mechanism for DM interaction [69].
An apparent difference is that this mechanism involves a single magnetic site for a local
electric dipole, whereas the DM interaction deals with the two magnetic sites. In the screw-
type spin arrangement compounds, where the magnetic ion occupies a low symmetric crystal
environment, the d-p hybridization between the metal and ligand ions is responsible for
electric polarization. For example, CuFeO> exhibits a proper screw magnetic structure, and d-
p hybridization is considered to describe the polarization of this compound [22,70]. However,
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careful analysis of the crystal symmetry eliminates this mechanism since all the dipoles over
the bonds cancel each other and give no net polarization. Furthermore, the d-p hybridization
may be responsible for the polarization observed in noncentrosymmetric materials

Ba>,CoGe 07 and RFe3(BO3)4 with screw-type spin structure [71,72].
1.3 Polar magnetic oxides: a new class of multiferroics

Here, we discuss a new class of multiferroics based polar magnetic oxides, where the
polar distortion driven by the chemical ordering of cations is stabilized right at the formation
temperature of these compounds, and they do not seem to undergo nonpolar to polar
transition. Consequently, some of these polar materials have been shown to be pyroelectric at
all temperatures. These polar magnetic oxides differ from type-lI multiferroics, where they
undergo ferroelectric (polar) - paraelectric (nonpolar) transition at high temperatures.
However, a change in polarization (AP) occurs at the magnetic ordering temperatures, which
is influenced by the applied magnetic field, but the extent of magnetoelectric coupling
depends on the magnetic spin structure and, therefore, the microscopic mechanisms that
couple the magnetism with electric polarization. Though this behavior is similar to that of
type-11 multiferroics, the inversion symmetry in the later is broken only at the magnetic
ordering temperature by complex magnetic structures. For these reasons, we can classify the
polar pyroelectric magnets as another class of multiferroics. This class of multiferroics is
promising because they do not necessarily involve complex magnetic structures arising from
spin frustration, and therefore, one can combine appropriate magnetic ions with a polar
structure to achieve a magnetoelectric effect at room temperature. Furthermore, because of
the pyroelectric nature, these materials may not require the poling electric field to measure
electric polarization at the magnetic ordering temperature. In these materials, the microscopic
mechanism responsible for the observation of electric polarization below magnetic ordering
temperature might be magnetoelastic coupling. Nevertheless, the possibility of symmetric

exchange striction or inverse DM interaction cannot be ruled out.

In the following, we will discuss several structural families of materials where the
inversion symmetry is broken by chemical ordering and their impact on magnetoelectric
multiferroic properties. By chemical ordering, we mean the following arrangements of atoms
or ions; (i) Two or more number of atoms or ions with symmetrically independent sites are

generated from symmetrically equivalent atomic position, (ii) atoms and ions of the same
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charge with different chemical coordination environment, and (iii) charge ordering of the

same or different ions.
1.3.1 Inversion symmetry breaking from chemical ordering

The simple and textbook example of inversion symmetry breaking due to chemical
ordering is zinc blende (Sphalerite, ZnS). The structure of zinc blende can be related to the
highly symmetrical cubic structure of diamond where zinc and sulfur occupy the position of
carbon alternatively, and they are bonded to each other in the same way as shown in (Figure
1.11) [73]. Thus, both structures have the same kind of chemical unit cell. However, the
symmetry of zinc blende structure (F43m) is lower than that of diamond (Fd3m) because the
symmetry equivalent position (8a) of carbon atoms in diamond is split into two
symmetrically independent atomic sites (4a and 4c) in zinc blende, where zinc and sulfur are
located, respectively. In this symmetry lowering process, the centre of inversion connecting
two carbon atoms in diamond is removed, and thus zinc blende becomes noncentrosymmetric

but nonpolar.

B C: 8a
Fd3m 43m
Diamond -
0
_ 0
0
Zn: 4a S: 4c
43m 43m
F43m 0 025
0 0.25
Zinc blende 0 0.25

Figure 1.11 The symmetry relation between diamond and zinc blende structures showing
inversion symmetry breaking due to chemical ordering (adapted from Ref. [73]).
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1.3.2 Literature of polar magnetic oxides

In this section, a detailed discussion on polar magnetic oxides resulting from inversion
symmetry breaking by chemical ordering and responsible for multiferroic properties are
explained with few examples.

1.3.2.1 Kamiokite

A family of M2Mo30Og (M = 3d transition metal) compounds related to mineral
Kamiokite crystallizes in the polar hexagonal structure (P6smc). In this structure (Figure
1.12(a)), the M2* ions occupy two different crystallographic sites with MO, tetrahedra (M)
and MOe octahedra (Mon) forming a honeycomb-like layer in the ab-plane by sharing their
corners. The nonmagnetic trimeric unit of Mo** ions forms a kagome-like layer. These two
layers are stacked along the c-axis. In these compounds, a variety of magnetic properties have
been reported depending on the nature of transition metal ions at M and Mon sites [74-76]. A
large linear magnetoelectric effect has been reported in the polar magnet FeoMo03Og
[75,77,78]. Below Tn = 60 K, the compound orders antiferromagnetically with an
uncompensated Fe?* moment between Few and Feon sites, resulting in the ferrimagnetic
ground state. A change in electric polarization (AP ~ 0.3uC/cm?) along the c-axis at the

collinear antiferromagnetic ordering temperature has been reported as shown in Figure 1.12
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Figure 1.12 (a) Crystal structure of M2MosOs exhibiting ordered octahedra (MOs) and

tetrahedra (MOs) framework. (b) Variation of the electric polarization AP with temperature,
respectively (adapted with permission from Ref. [75], © (2015) by the Springer Nature).

1.3.2.2 Swedenborgite

Another example could be the pyroelectric ferrimagnet CaBaCo4O7 crystallizing in

the polar orthorhombic structure (Pbn21), where CoOs tetrahedra form alternating layers of
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triangular and Kagome lattices with Co?*/Co® charge ordering in four different
crystallographic sites as shown in Figure 1.13(a) [79]. The intrinsic geometric frustration
associated with these layers is relieved due to the buckling of CoOg4 tetrahedra, which results
in ferrimagnetic ordering at Tc = 64 K [80]. Single-crystal measurements have confirmed that
the electric polarization appearing below the magnetic ordering is not switchable by the
external electric field [81]. Change in polarization below the Tc of a single-crystal sample is
shown in Figure 1.13(b). The exchange striction mechanism has been suggested to be
responsible for the enhancement of polarization at the magnetic ordering temperature. A
similar magnetoelectric effect has been reported in another polar ferrimagnetic compound,
CaBaFe4O7 [82].

Figure 1.13 (a) Crystal structure of CaBaCo40O7 consists of alternating layers of triangular
and Kagome lattices with Co?*/Co** charge ordering. (b) Change in polarization with
temperature along the c-axis after poling with an electric field of E = 1.1 kV/cm (adapted
with permission from Ref. [81], © (2013) by the American Physical Society).

1.3.2.3 Aeschynite

Aeschynite is a mineral having the general formula AB2Os where A is rare-earth or
alkaline earth ions, and B is transition metal ions. The representative compound is CaTaxOs,
which crystallizes in a centrosymmetric orthorhombic structure (Pnma), where the Ca®* and
Ta>" cations are coordinated with oxygen ions in eight- and six-coordination, respectively
[83,84]. In this structure, the edge-sharing dimers of TaOe octahedra share corners to form a
three-dimensional framework with Ca?* ions occupying the channels parallel to the b-axis.
Upon introducing chemical ordering by replacing the Taz-ions with two cations of different
charges can result in breaking of inversion symmetry because of the rigidity of the edge-
shared octahedra [85-87].

Recently, it has been reported that an alternate ordering of Fe3* and W®* ions
in RFeWOs (R = Eu, Th, Dy, and Y) results in the polar structure with the space group Pna2s,
which is a sub-group of the centrosymmetric space group Pnma [88]. In RFeWOs, the Fe3*
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and W®" ions are ordered alternatively because of the significant difference in size and charge
of these ions, which is responsible for stabilizing the polar structure. The ordered aeschynite
structure of DyFeWOs is shown in Figure 1.14(a). The Fe-moments in these compounds
undergo antiferromagnetic ordering at T5¢ ~ 15-18 K. Electric polarization is observed at
T5¢, as shown in Figure 1.14(b). It is also clear that the electric polarization below the

magnetic ordering can be switched by external electric field.
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Figure 1.14 (a) Crystal structure of DyFeWOs showing cation ordering. (b) Temperature
evolution of electric polarization AP (T) of DyFeWOs below Tf¢ = 18K (adapted with
permission from Ref. [88], © (2017) by the American Physical Society).

1.3.2.4 Corundum oxides and Brownmillerites

A number of polar compounds can be derived from the simple sesquioxide
M203 having the centrosymmetric corundum structure (R3c). Unlike the simple ABOs;
compounds, the ordered LiNbO3z type (also known as NisTeOs-type) and ordered ilmenite
(Li-GeTeOs) form polar structure (R3) [89,90]. The ordering pattern is strongly correlated to
the charge and size difference of cations involved in chemical ordering. The ordered LNO-
type compound NizTeOs (NTO) (Figure 1.15(a)) with R3 symmetry has been reported to
exhibit a spontaneous electric polarization and colossal magnetoelectricity below Tn = 52 K
with magnetoelectric switching without hysteresis [91-94]. AIlFeOs; adopts a polar
orthorhombic structure (Pna2:1) where the isovalent cations (AI** and Fe®") are ordered in
different crystallographic sites with some anti-site disorder. This compound with
ferrimagnetic ordering below 250 K has been shown to exhibit magnetoelectric properties
[95-97].

The other family of compounds that can be brought under polar oxides is

brownmilletrites. Ca;FeAlOs with brownmillerite structure (Ibm2) is an antiferromagnet with
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a Néel temperature of Tn = 350 K [98,99]. The structure is constituted of an alternate
arrangement of (Fe, Al)Os octahedra and (Fe, Al)Os tetrahedra layers as shown in Figure
1.15(b) [98,100]. In this compound, the magnetic field induced spin-flop transition
accompanies anomalies in the electric polarization [51,101]. These results may open a route

to realize the magnetoelectric effect in polar oxides.

a

Figure 1.15 (a) Crystal structure of NizTeOs, where Te and Ni ions stacked along the c-axis
in an ordered fashion (adapted with permission from Ref.[91], © (2010) by the 10P
Publishing, Ltd). (b) Crystal structure of the Brownmillerite Ca.FeAlOs (adapted with permission
from Ref. [101], © (2013) by the American Physical Society).

A similar symmetry relationship to diamond-zinc blende exists in the high symmetry
(Fd3m) normal spinel ZnCr,O4 where the replacement of Zn?* ions by two non-equivalent
cations with different oxidation states, Li* and Ga®*" (In®*, Fe®"), results in a reduction of
symmetry to the noncentrosymmetric space group (F43m) [102,103]. In the case of trirutile-
type fluoride LiFeoFs (P42/mnm), it is reported that the inversion symmetry is broken by
charge ordering of Fe?*/Fe** configuration [104—106]. It is interesting to note that an ordered
insertion of oxygen in the centrosymmetric (P2:/n) BaxYFeOs by the low-temperature
topochemical oxidation results in loss of inversion symmetry, leading to the formation of
noncentrosymmetric Ba;YFeOss (Pb2:m) [107]. Interestingly, while most of the delafossite
oxides MCrO, (M = Ag and Cu) are centrosymmetric and type-1l multiferroic
(R3m) [56,108], the chalcogenide AgCrS: is polar (R3m) and multiferroic [109].

1.3.3 Doubly ordered perovskites

Most of the perovskite oxides are centrosymmetric except those with the second-order

Jahn-Teller effect. Recently, an unusual layered ordering of A-site cations and rock-salt
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ordering of B-site cations combined with certain octahedral rotation in perovskite oxides has
been reported to stabilize a polar (P21) structure, and these are called doubly ordered
perovskites. These compounds mostly order antiferromagnetically and exhibit a change in
polarization below Tn. Therefore, these compounds can be classified under polar magnetic
oxides. It is these compounds we have discussed structural and physical properties in the next
working chapters. Before that, we present a brief introduction about perovskites, octahedral
tilting, different types of ordering in double perovskites, and the background of doubly
ordered perovskites.

1.3.3.1 Perovskite and tolerance factor

The perovskite structure is one of the most studied and technologically important in
the field of material science. The first known perovskite structure is the mineral CaTiOa.
Currently, there are thousands of known examples of materials that adopt perovskite
structures. The ideal perovskite structure can be represented as ABXs, where A and B are
cations, and X is the anion. The possibility of substituting almost all the elements in the
periodic table at the A or B-sites increases the ABXs perovskite family’s compositional space,
eventually tailoring the structure and properties. The structure of perovskite can be viewed as
a three-dimensional array of corner-sharing BXs octahedra where the A-site cations present in
the 12 coordinate cubooctahedral cavity that is formed between any eight octahedral (BXg)
units, as shown in Figure 1.16.

Figure 1.16 The cubic ABXs perovskite structure. Gray and blue spheres represent the A- and
B-site cations, respectively (adapted with permission from Ref. [110], © (20103) by the
Royal Society of Chemistry).
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The ideal perovskite crystallizes in cubic symmetry with space group Pm3m when tolerance
factor T = 1. The tolerance factor (t), a geometric relationship between the length of the unit

cell edge, size of the A- and B-site cations is given by
_ ( Rat+Rx )
T = —
V2Rg+Ry

where R4, Rp, and Ry are the ionic radii of the A-, B-site cations, and anion,

respectively [111]. For more than one ion in the site, the average radii of cations are used.
1.3.3.2 Octahedral distortion or tilting

The majority of perovskites undergo octahedral distortions when the tolerance factor
is less than one. This leads to a large number of distorted perovskites in various space groups,
but most of them are centrosymmetric. When the size of the A-site cation is too small for the
cavity formed by the BXs octahedral units, these polyhedra will rotate as rigid units. This
permits shorter A-X bonds to form without changing the lengths of the B-X bonds. Hence,
these distortions reduce the coordination number of the A-site cation below 12 and reduce the
symmetry of the perovskite structure below cubic. In order to maintain the corner sharing
connectivity of the BXs framework, the rotations of the octahedra must be cooperative. In any
given layer of BXg octahedra, if the rotation of the one octahedron around the axis is normal
to that layer, then all four neighboring octahedra within that layer should rotate in the

opposite direction to maintain the connectivity.

There are two types of tilting that occur in the octahedra, in-phase tilting, and out-of-
phase tilting, as shown in Figure 1.17. In the case of in-phase tilting, all the octahedra rotate
in the same direction going down the axis, while during out-of-phase tilting, the direction of
rotation alternates from one to the next layer of octahedra. A convenient shorthand notation
developed by Glazer has been used to describe the octahedral rotations in perovskites [112].
In Glazer notation, letters indicate the magnitude of the tilting distortion around each of the
crystallographic axes, and a superscript represents whether the octahedra rotations are in-
phase (+) or out-of-phase (-) along a particular axis (Figure 1.17). A superscript O indicates
that there is no tilting around that axis. The notation a“a~c™* indicates the equal magnitude
of out-of-phase tilting around a- and b-axes and in-phase tilting around the c-axis. The
probable space groups which can arise from the different modes of octahedral tilting of

aristotype compounds have been determined using group-theoretical analysis [113-115].
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0450

In-phase tilting Out-of-phase tilting

Figure 1.17 The two types of octahedral tilting around a c-axis (adapted with permission
from Ref. [116], © (2021) by the IUCrJ).

1.3.3.3 Cation ordering in double and doubly ordered perovskites

The substitution of different cations at A- and B-sites of ABOs is known to form a
larger number of double perovskites with random or an ordered arrangement at both the site
cations. Ordering is favored when there is a sufficient size and charge difference between the
two cations. If the size and charge difference between the cations are similar, that will tend to
a disordered arrangement. Generally, an ordered arrangement is expected when oxidation
state difference of 3 or greater (e.g., SrPMgWOs), while an oxidation state difference of 0 or 1
(e.g., LaxCrFeOg) mostly leads to a disordered arrangement. In the case of difference of 2,
depending on the size difference and bonding preference, fully ordered (e.g., Sr2YNbOg),
disordered (e.g., Sr2FeRuOQg), or partly ordered (e.g., Sr2AlTaOg) arrangement may result in
the different degree of ordering. Substitution of ions at the A- and B-sites of ABOz results in
double perovskite structures, i.e., R2-MM 'Os (R = lanthanide ions and M, M’ = transition metal
ions), R2CuSnOs (R = La, Pr, Nd, Sm), La,CuZrOg, CaMnTi.0Os, etc., triple perovskites such
as BasFeisslri4s09, BasNilr2Og, etc., and quadruple perovskites such as LaMnsCrsO12
structures, etc., [117-124]. In different types of perovskites, two or more cations of different
or same valences are located in the corresponding crystallographic positions, and they might
be ordered or disordered. It plays a crucial role in determining the crystal structure and

properties of most of these compounds.

Here, we will only discuss ordering in double perovskites. The most commonly
observed ordering in double perovskites (A2BB'Os) is a rock-salt ordering of B-site cations.

The three simple patterns of ordering that can be seen for either the A- or B-site cations in
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perovskites are rock salt, columnar, and layer ordering, as shown in Figure 1.18. According
to the electrostatic point of view, rock salt ordering is most favorable because it keeps the
more highly charged cations far apart. Each highly charged B’ cation has six B cations as its
nearest neighbors. In comparison, columnar ordering is the next best arrangement as each B’
cation is surrounded by four B and two B’ nearest neighbors. Layered ordering has the least
favorable electrostatic condition because each B’ cation surrounded by two B and four B’

nearest neighbors.

(a) B-site cation ordering in 4,BB'O

sy

Rock salt Columnar Layer

(b) A-site cation ordering in A4'B,0

& & k
“ “ \sE

Figure 1.18 (a) Three types of ordering in A2BB'Oes perovskites where blue and green
polyhedra represent B-site cations and grey sphere represents A-site cations. (b) Three types
of ordering in 44'B-Og perovskites where orange and grey spheres represent A-site cations
and blue polyhedra represent B-site cations (adapted with permission from Ref. [110], ©
(20103) by the Royal Society of Chemistry).

Although the combined ordering of both the site cations is rare because of the bonding
instabilities and other factors, recently, attention has been turned to class A4'BB'Os called
doubly ordered perovskites. In which A-site cations exhibit uncommon layer ordering and B-
site cations show rock-salt ordering. These compounds with the combinations of combined
ordering and octahedral tilting crystalize in polar monoclinic structure. In doubly ordered
perovskites, A-site cations prefer layer ordering while B-site cations prefer most observed
rock-salt ordering. Ordering preference of A- and B-site cations can be understood by

considering the bonding aspects.
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In the rock-salt ordering of the B-site cations, each anion is surrounded by one highly
charged B’ cation and one less charged B cation (Figure 1.19(a)), as a consequence, anions
can shift toward the B’ cation and away from the B cation to provide ideal bond distance to
each and hence to optimize the bonding. In contrast, if B’ and B cations order in a layer
arrangement, then three anion environments would be formed, as shown in Figure 1.19(b).
One-sixth of the anions are bonded with two of the less charged B cation which leads to an
under-bonded environment, while another one-sixth of the anions are bonded with highly
charged B’ cation which leads to an over-bonded environment, and only the remaining anions
coordinated by one B’ and one B cation could obtain stable environment. The layer
arrangement of B-site cations violates Paulings’s fifth rule, which states that all ions of the
same kind should sit in the same environment if possible [110]. This explains the relative
rarity of layer ordering of B-site cations over rock-salt ordering.

Under-bonded
anion layer

Stable bonding
environment

« Over-bonded
anion layer

Figure 1.19 (a) A depiction of rock-salt ordering and (b) layer ordering of the B/B’ cations in
an A2BB’'Os perovskite. Blue and green spheres are the B and B’ cations, grey sphere stands
for A-site cations, and small red spheres are the anions (adapted with permission from
Ref. [110], © (20103) by the Royal Society of Chemistry).

In order to understand the A-site cation's preference for layered ordering, one needs to
analyze the bonding in a similar way. If A-site cations exhibit rock-salt ordering, the anion
would be at an inversion site coordinated by two A cations and two A’ cations, where it is
impossible to move to relieve bond strains resulting from the A/A’ size mismatch (Figure
1.20(a)) [110]. Whereas this problem does not arise in the layered ordering of A-site cations
because two-thirds of the anions are surrounded by two less charged A cations and two highly
charged A4’ cations. Now, these anions can shift and obtain an ideal bonding environment.
Still, the instability persists because four less charged A cations surround one-sixth of the

anion, and the other one-sixth anion is surrounded by four highly charged 4’ cations having
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under-bonded and over-bonded environment (Figure 1.20(b)). The layer ordering of A-site
cations is certainly preferred over a rock-salt ordering because, in the former, two-thirds of
the anions can obtain a stable bonding environment while none of them can obtain in the
later. However, one-thirds of the anions still face a bonding instability, which explains the

rarity of the A-site cation ordering relative to B-site cation ordering.

Under-bonded
anion

(b)

+——|deally bonded
anion

Over-bonded
anion

Figure 1.20 (a) A depiction of rock-salt ordering and (b) layer ordering of the A/A’ cations in
an 4A4'B>Oe perovskite. Grey and orange spheres are the A and A’ cations, blue sphere stands
for B-site cations, and small red spheres are the anions (adapted with permission from
Ref. [110], © (20103) by the Royal Society of Chemistry).

However, the A-site layered ordering is observed in the presence of highly charged B-
site cation (d°) which stabilizes that by means of second-order Jahn-Teller (SOJT)
distortion [125]. When the combined ordering of both site cations occurs in ABOg, it reduces
symmetry from cubic (Pm3m) to tetragonal (P4/nmm). Further, octahedral rotations occur to
adopt the size effect of ions and lowers the symmetry, as shown in Figure 1.21. Group
theoretical calculations have been carried out by considering combinations of layered
ordering (A/A"), rock-salt ordering (B/B’), and 12 distinct tilting schemes to predict possible
space groups for A4'BB'Os (Figure 1.21) [125]. Most of these perovskites undergo in-phase
titling along a- and b-axes and out-of-phase tilting along c-axis and reduce symmetry to

monoclinic (a~a~c*) from a parent tetragonal symmetry (a®a®c?).
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AA'BB'X,
P4/nmm (129)
a“a“l:ﬂ
Pmaa (49) || pazm (111 || P42,2(90) || C2/m(12) || P2m(11) Pdin (85)
a'h’c’ atate” a'a'c” a'be” aac” a"a’c
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2x2x2 2x2x2 P 2x2x2 V222 2y a2y 2

Figure 1.21 A schematic diagram of possible 44'BB'Os structures predicted by group-
theoretical analysis considering the layered ordering of the A-site cations, rock-salt ordering
of B-site cations, and 12 distinct tilting schemes. Each box shows the space group, tilt scheme
using Glazer’s notation [112], and approximate unit cell dimensions in terms of the cell edge
of the undistorted Pm3m perovskite. The group-subgroup relationships are denoted by lines,
where the solid line indicates possible continuous transition and the dashed lines indicate
discontinuous transitions (adapted with permission from Ref. [125], (2006) by the Elsevier
Ltd).

1.3.3.4 Background of doubly ordered perovskites

in 1984 when
NaLaMgWOe was reported to exhibit rock-salt ordering in B-site and a layered ordering in A-
Over the three decades, KLaMnWOe,
KLaMgTeOs, NaLnCoWOQOs, NaLnMnWOs, and NaLnFeWOse, etc., were reported to adopt
this structure [126-128]. Peculiar superstructures of NaLaMgWOes, KLaMnWOs, and
NaLaCoWOs have been studied through high-resolution TEM studies [129-131]. Further, in

The doubly ordered perovskite structure was first realized

site. many such compounds KLaMgWOs,

these compounds, the stability of ordering of the A-site cations was understood by comparing
studies on NaLaMgWOsg and NalL.aMgTeOs. The long-range order of the Na* and La®" was
absent when the W®* ion is replaced by the d® Te®* jon [125]. Also, the ordering of cations
was found to be synergetic, as B-site disordered NaLaTi.Os does not show long rage order in
A-site despite the presence of SOJT cation on the B-site [125]. The arrow in Figure 1.22
represents the displacement of the W®* cation towards the Na-layer resulting from SOJT
distortion. It allows the under-bonded anions to obtain their ideal valences residing in the Na-
layer and stabilizes the overall crystal structure by reducing the distortion caused by layer

ordering of A-site cations.
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Figure 1.22 Projection of the crystal structure of NaLnMWOe on the ac-plane. Arrows
indicate the displacement of the W®* cation from the center of the octahedra towards the
under-bonded anion and away from the over-bonded anion. The spheres stand for different
ions, Na* (yellow), Ln®" (Grey), M?* (blue), W®* (green) and oxygen (red).

Stroppa et al. predicted Hybrid Improper ferroelectricity (HIF) in the doubly ordered
perovskite NaLaMnWOg by combining two nonpolar modes of the oxygen octahedra which
leads to polar mode [132]. Theoretical studies revealed a high ferroelectric polarization of
about 16 pC/cm? in NaLaMnWOs. Further theoretical studies on nine doubly ordered
perovskites A4'MnWOs (A = Na, K, Rb; 4’ = La, Nd, Y) showed the significance of the size
of the rare-earth and alkali ions, where polarization increases with increasing the difference
of size of A-site cations [133]. Structural, magnetic properties, and magnetic structures of
series of compounds NaLnMgWOs, NaLnMnWOs, NaLnCoWOs (Ln = different rare-earth
ions), NaLnFeWOs (Ln = La, Nd, Pr, and Sm) were studied [134-138]. Further, experimental
investigation on NaLnMnWOe (Ln = La, Nd, and Tb) and NaLnFeWOe (Ln = La, Nd, Pr, and
Sm) showed the absence of ferroelectricity at room temperature [137,138]. This could be due
to the polycrystalline samples and also difficulties in poling the sintered pellet during
measurements. However, the ferroelectricity below magnetic ordering temperature by
magnetoelectric coupling was unexplored in many of these series of compounds. It is this

motivated us to explore multiferroic properties of series of doubly ordered perovskites.
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1.4 Scope of the thesis

As discussed at the beginning of this chapter, the known type-l1 and type-ll
multiferroic materials have their limitations because of that not suitable for real applications.
In the case of type-l1 multiferroics, the coupling between ferroelectricity and magnetism is
weak because of their different origin. Although type-l1l multiferroics show strong
magnetoelectric coupling, the polarization and magnetic ordering temperature are low. Also,
the requirement of complex magnetic structures in type-1l limits the number of multiferroic
materials. This thesis aims at the magnetic materials which are in polar crystal structure
derived from chemical ordering. The advantage of such polar magnets over the type-II
multiferroics is that these materials are pyroelectric, and therefore, may not require a poling
electric field. Further, they also do not require a complex magnetic structure to break the
inversion symmetry. Simple magnetic structures that can couple to the lattice are enough to
make these materials magnetoelectric multiferroics. Considering this, we have focused on a
completely new series of Ni based doubly ordered perovskites, which are stabilized by a
high-pressure synthesis method to investigate the magnetoelectric multiferroic properties.
Interestingly, NaYNiWOs exhibits an unconventional spin density wave (SDW) structure
near Tn, and with the theoretical collaboration, we understood the formation of SDW through
DFT calculations. Subsequently, we have explored doubly ordered perovskites with other
transition magnetic cations Co, Fe, and Mn combining with lower size rare-earth cations.
Some Co compounds were found to be only pyroelectric where lower size rare-earth cation
Ni compounds exhibit switchable change in polarization. In addition, we tried to find many
polar oxides, but we could successfully synthesize two polar compounds LiFeV.07 and
LiCrAs,O7. The multiferroic property is found in LiFeV20; below magnetic ordering
temperature. LiCrAs;O7 exhibit antiferromagnetic ordering, but no dielectric anomaly is
observed at Tn.
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Chapter 2

Experimental techniques

This chapter gives details about sample preparation, characterization, and various

experimental techniques used in the present thesis work.

2.1 Sample preparation

2.1.1 High pressure synthesis

In the case of solid-state reaction, to synthesize targeted materials, only a high
temperature is not a sufficient condition. The presence of pressure is essential in addition to
high temperature to stabilize some of the metastable phases. All the doubly ordered perovskites
presented in this thesis were synthesized using cubic anvil type high pressure apparatus with
4.5 GPa pressure and 1000 °C temperature. Trying to synthesize doubly ordered perovskite
NaLnMWOsg (Ln = Smaller lanthanide ions and M = Ni, Co, Mn, and Fe) at high temperature
and ambient pressure always generally led to Ln2WOs, Na2WO4, and MO oxides. Because these
impurities (Na2WO4 and Ln,WOe) have more preferences for formation than the expected
perovskite phase at ambient pressure. This is related to the requirement of a higher coordination
number for alkali and tungsten cations in the perovskite phase compared to the Na;WO4 phase,
which can be achieved using a high pressure synthesis route. Another factor that leads to
impurities at ambient pressure is the small tolerance factor. As the tolerance factor decrease,
the larger octahedral distortion that would be required to stabilize the structure is not feasible
as it leads to unfavorable shorter O-O distances. But some of these materials with small
tolerance factors can be stabilized using high pressure synthesis method. The high pressure
apparatus mainly consists of three parts; pressurizing unit, which consists of six identical cubic
anvils which are made up of tungsten carbide placed into the die, one temperature controlling

unit, and a pressure controlling unit, as shown in Figure 2.1.

To synthesize the targeted materials, at first, we have weighed the stoichiometric
amount of ingredients of a total amount of approximately 300-400 mg and grounded thoroughly
to make a uniform mixture. The pellet of the grounded mixture was placed in either a
cylindrical gold capsule or we can use the BN capsule and sleeve. The sample capsule will then

be enclosed with a sleeve and disc, which are made of NaCl (80%) + ZrO2 (20%). The whole
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" Pressurizing and
. heating unit
‘ Anvils §

Figure 2.1 High pressure apparatus and its various controlling units, heating and pressurizing
unit, and arrangements of anvils between the die.

assembly is inserted into a cylindrical graphite heater and will be kept into the pyrophyllite
stone. For the electrical conduction purpose, the molybdenum electrodes are placed on top and
bottom along with stainless steel rings. In the present synthesis method, pyrophyllite of
dimension 15mm x 15 mm x 15 mm which has a hole of diameter 8mm through one pair of
faces, was used. Pyrophyllite stones were preheated at 700 °C before using for the synthesis to
remove any moisture or water of crystallization. The above-discussed sample assembly is

shown in Figure 2.2.

BN sleeve

——) BNdik

Graplute sleeve

< Crophite dick
T Mo disk

Stainless steel
- Pyrophyllite disk

a b

Figure 2.2 (a) Top, view of cubic type anvils between the dies. Bottom, pyrophyllite stone with
the anvils (side view). (b) The cell assembly inside pyrophyllite. (adapted from Ref. [1])
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The pyrophyllite stone with cell assembly is kept inside the cubic anvils with careful
alignment to achieve a uniform compression limit of the pyrophyllite for all six anvils. During
the reaction, the required pressure (< 4.5 GPa) was reached slowly, and once it is stabilized,
the temperature is raised gradually using the temperature control unit up to 1000 °C. Both the
pressure and temperature are maintained during dwelling for the sample reaction. Further, the
temperature can be quenched by turning off the heating to stabilize the high pressure metastable
phase, or it can be cooled slowly to room temperature. Finally, once the reaction is at room
temperature, the pressure is reduced slowly to the atmospheric pressure, and the sample is taken
out. Since the reaction rate is higher in the presence of high pressure, we maintained a reaction
dwelling time of a maximum of one hour to synthesize all the compounds. The calibration of
temperature was carried out by inserting a thermocouple manually, and it is recorded with
respect to the heater power provided from the temperature controller unit. The calibration curve
was used to decide the required power for any reaction temperature. Similarly, calibration of
pressure was carried out using Bi-metal resistance measurement with pressure. The calculated
resistance against load was applied to indicate the pressure-induced structural transition of Bi
at 2.5 GPa.

2.1.2 High temperature solid state synthesis

We have used high temperature solid state reaction method to synthesize the materials
in the last chapter of the thesis. In this method, the stoichiometric mixtures of starting materials
are ground thoroughly for a long time. The powder mixture (or pellet) is heated at high
temperatures for several hours with intermittent grindings. The high temperature gives the

necessary energy for the diffusion of ions during the reaction [2]. The important factor in the

reaction mechanism is the diffusion coefficient (D), which is in Fick’s law [3], J = -D Z—‘i :

where J is the flux of diffusing elements and Z—t is the concentration gradient. The diffusion

coefficient (D) depends on the temperature of the reaction. In the case of high temperature
solid-state synthesis, the diffusion coefficient should be greater than 107'? cm?s. The
temperature required for the proper solid-state reaction should be at least 2/3 of the melting
point of one or more precursor materials, as suggested by Tamman’s rule [4]. However, this
rule cannot be followed, particularly if the materials are volatile in nature. Usually, the reaction
mixtures are kept at temperatures as high as 500 °C to 1500 °C in order to maximize the

diffusion length and also to occur a reaction at an appreciable rate.
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2.2 Structural analysis

The structural characterization was carried out by the Rietveld refinement of powder
X-ray and neutron diffraction data.

2.2.1 Powder X-ray and neutron diffraction

X-ray diffraction is the primary and extensively used technique in structural analysis.
Powder X-ray diffraction experiments are carried out on materials with a laboratory Rigaku
SmartLab diffractometer and PANalytical Empyrean alpha 1 diffractometer (monochromatic
CuKal). Mainly, a laboratory powder X-ray diffractometer consists of an X-ray tube, a sample
platform, and a detector. When X-rays are incident on the polycrystalline sample, which
consists of grains oriented randomly in all possible directions, some of the X-rays will be
scattered by the atoms of the first layer or plane (Figure 2.3), and the remaining X-rays will

pass through the first layer and will be scattered by the succeeding layers.

. L —a

Figure 2.3 Schematic of X-ray diffraction — Bragg’s law (Adapted from Ref. [2]).

Scattering of X-rays occurs because the spacing between the atomic layers or crystallographic
planes is in the order of the wavelength of incident X-ray radiation. When the scattered X-rays
are coming out from the two different planes with the same phase, constructive interference
occurs, resulting in an X-ray diffraction peak. Meanwhile, if the two scattered X-rays are out
of phase, no such peak will appear in the X-ray diffraction pattern. Interaction of X-rays with

the samples causes constructive interference only when Bragg’s law is satisfied [2,5].
2d sind =1

where ‘d’ is the spacing between the consecutive planes, ‘A’ is the wavelength of X-rays used,
and ‘@’ is the incident angle of the X-ray, as shown in Figure 2.3. Thus, when Bragg’s law is

satisfied by some particular sets of planes, the X-ray diffraction pattern appears, which consists
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of many peaks at different 20 positions, and which is unique for individual materials. Thus, the
diffraction peaks with respect to the distance between the planes (d) give information about the
phase, unit cell dimension, and the purity of the sample. The different information can get by
treating X-ray diffraction data accordingly. The phase purity of a known compound can be
checked by matching its X-ray diffraction data with the pattern available in many databases
such as Inorganic Crystal Structure Database (ICSD). Similar way, the phase of the impurity

present in some compounds can be identified.

In some compounds, due to the overlap of two or more close peaks of laboratory X-ray
diffraction patterns, it may be difficult to index the peaks using this technique. In that case, the
synchrotron X-ray diffraction experiments are suitable to resolve this issue, which has the
ability to tune the wavelength. Because of the higher intensity of the synchrotron X-ray beams
can provide high intense peaks with a very good resolution and improved signal to noise ratio.
Therefore, synchrotron X-ray diffraction experiments are really helpful to determine complex
structures with accurate structural parameters. Sometimes neutron diffraction is necessary for
the crystal structure characterization when the compounds have light elements such as oxygen,
carbon, lithium, hydrogen, etc. Since the X-ray interaction takes place by the electron cloud
only it has a limitation of detecting light elements in the crystal structure. Neutron diffraction
is a powerful technique in which neutrons interact with the nucleus of the atom, and hence it
helps to determine the position of the light atoms more accurately. Since neutron intrinsic
magnetic moment can interact with the moment of a magnetic atom, it can be used to determine
the magnetic structure of the compound in addition to its crystal structure. Neutron diffraction
experiments are carried out in a WISH diffractometer at RAL, Didcot, UK [6]. This neutron
beamline has a high flux and resolution. This diffractometer is very much essential in our case

because of the less quantity of the sample from high pressure synthesis.
2.2.2 Rietveld refinement

Rietveld refinement is the most useful method for the analysis of X-ray and neutron
diffraction data to obtain complete structural parameters of the materials [7]. In this technique,
an X-ray or neutron diffraction pattern is compared with a calculated pattern by considering a
certain number of parameters. While during refinement, the intensity at each point of the
experimental data (yio) is compared with the corresponding calculated point (yic) in the model,
which is done by minimizing a residual function S through the least square process. The
residual function S is given by [5,7],
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S= zwi 1Vio = Vicl?
i

Where wi; is a weight factor, which depends on the standard deviation in the peak intensity and

background intensity. The calculated intensity at a point can be given by [5],
Yic = SZ My Li|[Fie|*G (A0y) + yip
k

Where s is a scale factor, mg is the multiplicity factor, Lk is the Lorentz polarization factor for
reflection k, Fi is the structure factor, G(A#i) is the reflection profile function where Afix = 26,

- 26k and 26k is the calculated position of the Bragg peak, yi» is the background intensity.

The two important factors mentioned above are the structure factors (Fx) and the

reflection profile function G(A6i).

The structure factor Fra (= Fx for k™ reflection) is given by,

m
Fp = ZN]E p2r(hxj+ky;+iz;)
j=1

—Bsin260

fI2=e 2
Where f is the atomic form factor and B is the Debye-Waller temperature factor.
The peak shape (reflection profile function) depends on several parameters such as the radiation
source, detector, wavelength distribution, etc. Various functions can be used for the peak shape

function. Among them, the pseudo-Voigt (pV) function is widely used since it is a combination

of Lorentzian and Gaussian parts, which gives a good fitting.
pV=yL+ (1 — n)G;with0<y<1
where L is the Lorentzian function and G is the Gaussian function, which is given by,

1
2

L= HC_Hk{1 +c (A:;k)z}

-1

1 2
= AB;
CZ —C, ( lk)
G:—O e 0 Hy
JTTHE

Where Co and Cy are constants and H is the full width at half maxima (FWHM) of the k"
reflection.
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The FWHM (Hy) for Gaussian and Lorentzain peak function are given by [5],

(Hi)s = (U tan?6+ Vtan 6 - W)¥?2

_ Y
(HoL=Xtan 6 + —

The parameters U, V, W, and X, Y, can be refined during pattern matching of the

diffraction data.

In the refinement process, the background can be selected manually or as a polynomial
function of 20 [5], as

Yip = Z an(26,)"

n

This background can be refined while pattern matching by refining the coefficient an.

The refinement quality can be decided by the values of some following parameters (R-
factors) [5,7]. These are,
2 |yi0 - yicl
R, (profile) = —————
piP X Yio

e N2 1/,
Rwp (Weighted profile) = (W)

N-P }1/2

Twiyl

Rpe (expected) = {

The overall quality of the fitting can be judged by the y? parameter, which should approach 1
as refinement progresses.

2 iy — (Rwp 2 _ ZWilVio= Yic)®
x° (Goodness of fit) = ( R ) B —

Where N is the number of profile points, and P is the number of refined parameters.

From a technical point of view, the Rietveld refinement is carried out in three steps.
Initially, the pattern matching is performed in which the lattice parameters and shape (FWHM)
parameters (U, V, W, and/or X, Y, and asymmetry parameters) are refined. Background points
are refined after completing pattern matching. In the next step, a probable structural model
contains atomic position should be added in order to fit the experimental data. At the final
stage, the bond lengths and bond angles are obtained using bond valence sum calculation. The

structural refinement was performed using the ‘Full-Prof” software package [8] and in some
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cases for magnetic structure determination through Time-Of-Flight data where ‘JANA 2006’

software has been utilized [9]. The crystal structures were drawn using Vesta software [10].

2.3 Physical property measurements

2.3.1 DC magnetization

The basic principle of magnetization measurement is based on Faraday’s law of
induction. This law states that the induced voltage in a closed circuit is equal to the rate of
change of magnetic flux enclosed by the circuit. The law is given by the following equation:

d dB
V== a8
dt dt

Where V is the induced voltage, ¢ is the magnetic flux through a coil of n turns with area A, B

is the magnetic field.

The magnetic measurements of all the compounds are carried out with a Magnetic
Property Measurement System (MPMS3-SQUID), Quantum Design, USA. The schematic
diagram of different parts of the MPMS3 is shown in Figure 2.4(a) [11]. The important
fundamental unit of the MPMS3 is a Superconducting Quantum Interference Device (SQUID),
which has high sensitivity to measure the sample’s magnetic moment. SQUID contains thin
insulating layers sandwiched between two superconducting layers from two parallel Josephson
junctions, which is an integral part of a dc-SQUID, as shown in Figure 2.4(b). During
magnetization measurement, the sample is made to move through the superconducting
detection coil, which induces a change in flux passing through it. Such a change in magnetic
flux generates a change in the persistent current in the detection coil. Since SQUID is an
extremely sensitive linear current to voltage converter, the change in current in the detection
coil causes the corresponding change in output voltage, which is proportional to the magnetic
moment of the sample. Thus the sample magnetic moment is measured. Two possible different
modes are available for the magnetization measurements: Vibrating sample magnetometer
(VSM) mode and dc scan mode. In VSM mode, the sample vibrates sinusoidally up and down
with very high frequency, while in dc scan mode, the sample is moved up and down uniformly
instead of oscillating. Therefore, dc scan mode is always preferred for more reliable data. Both
sample and the superconducting magnet is contained in Dewar and cooled with liquid Helium.
The helium cryostat is used to control the sample temperature in the system. The sample is

mounted on a quartz sample holder with the help of a stand, which has a mirror for centering
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the sample position. Then the quartz sample holder is attached to the sample probe and inserted
into the sample chamber of the SQUID.

Linear Motor 4{‘ a :

Gas Controller

(b)

Magnetic field

Transfer Line
Insert

Counterflow
Exchanger

Sample Rod Superconductor
Bearing

Biasing
Sample Holder current

Sample Space

Biasing
current
Magnet Leads

Gradiometer

Helium Level
Meter

Josephson
junction

Voltage variation
One period of for steadily increasing
voltage variation magnetic flux
corresponds to
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one flux quantum

SQuip
Capsule

Helium Flow Inlet
with Flow Impedance

Figure 2.4 (a) Different parts of MPMS3 system (adapted from Ref. [11]). (b) Principle of
SQUID magnetometer.

The magnetic measurements of samples are usually done in two ways, i.e., fixed field
temperature-dependent measurement and fixed temperature field sweep measurements.
Temperature-dependent measurements are carried out in two methods, e.g., Zero Field Cooled
(ZFC) and Field Cooled (FC). In Zero Field Cooled (ZFC) measurement, the sample is cooled
in the absence of field, and data is recorded in the presence of a constant field with warming.
For Field Cooled (FC) measurement, a sample is cooled down in the presence of a constant
magnetic field, and the moment is recorded during warming in the presence of the field. For a
fixed temperature field sweep measurement, a constant temperature is maintained, and a
sample magnetic moment is recorded with an oscillating external magnetic field. The
magnetization measurements can be carried out within the temperature range: 1.8 K — 400 K

with the application of a magnetic field varying fromQ Tto 7 T.
2.3.2 Heat Capacity

Specific heat measurements are performed by heat capacity option in Physical Property
Measurement System (PPMS), Quantum Design. A schematic of the specific heat option is
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shown in Figure 2.5. Specific heat of a sample at a particular temperature is determined by
relaxation technique. The sample chamber should be maintained in a high vacuum (107 torr
using cryopump) so that the heat cannot dissipate. During heat capacity measurements, a cycle
of consecutive heating and cooling of the sample is carried out. Initially, a known amount of
heat is provided to the sample for a constant time, and then the sample is allowed to cool for
the same time. The temperature response is recorded during both the heating and cooling cycle,
and the program available in MultiVu software fits the temperature response for the full cycle
with a model and finally provides the heat capacity of the sample [12]. Before the sample heat
capacity measurement, only addenda measurement is carried out. For that, a small amount of
Apiezon grease is applied to the puck sample platform. After the addenda measurement, the
sample (small pellet with approximate geometry ~2.5 mm x 2.5 mm x 0.5 mm) is placed on
the addenda, which holds the sample and makes a good thermal contact of the sample to the
calorimeter puck. The total heat capacity measured includes the sample, grease, and sample
platform. Then the sample heat capacity is obtained by subtracting the heat capacity of the

addenda from the total heat capacity automatically by the MultiVVu software of PPMS.

CONNECTING APIEZON GREASE
WIRES SAMPLE /

THERMAL s ’ THERMAL
BATH | PLAIY Lvibs | BATH
(PUCK FRAME) (PUCK FRAME)
THERMOMETER HEATER

Figure 2.5 Sample platform in PPMS heat capacity option (adapted from Ref. [12]).

Generally, the heat capacity data shows a peak at the long-range magnetic ordering
temperature or corresponding to structural transition where a change of entropy happens at the
phase transitions. The change in magnetic entropy associated with the long-range magnetic
ordering can be calculated by subtracting lattice contribution from total heat capacity. The
lattice contribution can be obtained by measuring the heat capacity of an isostructural
nonmagnetic sample or by using a Debye-Einstein model. Heat capacity measurement is a very
important measurement for some cases to observe the magnetic ordering transition where the
overall magnetization is much larger because of the large contribution from the paramagnetic

moment, which will be discussed in some of the compounds in the thesis chapters.
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2.3.3 Dielectric properties

To determine the dielectric constant, the sample is made into parallel plate shapes.
Electrical contacts are given using copper wire and silver paste on both flat surfaces of the
sample. We have used PELCO high-performance silver paste for electrical data collection.
Dielectric properties are measured with an Agilent LCR meter (model no. E4980A). The

dielectric constant is a complex quantity,
Er=& - &

loss = tan() = i—r,
&, and &, are the real and imaginary parts of the dielectric constant, respectively. The real part
of the dielectric constant (&) specifies the charge storing capacity of the dielectric media.
Whereas the imaginary part (&,’) specifies the dielectric loss, which is usually high in the less

insulating materials.

The real dielectric constant is given by,

E = —
r SoA

where, &, is the permittivity of free space (8.854 x10'? Fm), A is the area, and d is the distance
of the parallel plate capacitor. The dielectric constant is obtained by measuring impedance Z
of the material under an electric field (Eo sin wt), the capacitance C (complex) is determined
by [13],

Here, the impedance of the material is measured in the Agilent LCR meter by the auto-
balancing bridge method (Figure 2.6(a)) [13]. The voltage (Vx) across the terminal High and
ground and the voltage V\ across the range resistor Rr and ground are measured and maintaining

the Low terminal at zero volts. The impedance of the material (DUT) is calculated by [13],

Vy 7 -
z - BT g
X r
Vx Vx
Le= =Ry
X T

Temperature and magnetic field dependent dielectric constant measured in PPMS with the help
of a multifunctional probe (shown in Figure 2.6(b)) supplied by Quantum Design, USA.
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(a) (b) ‘

B — _—
DUT
High Low R
0sC Z, ’

Figure 2.6 (a) An auto-balancing bridge method used for impedance measurements. Adapted
from [13]. DUT (device under test) represents the sample. (b) Multifunctional probe for
dielectric and pyroelectric current measurements in PPMS.

2.3.4 Pyroelectric current measurements

The electric polarization of ferroelectric materials can be obtained by measuring
pyroelectric current across the ferroelectric ordering temperature. The pyroelectric current
exhibits an asymmetric peak at the ferroelectric transition. During pyroelectric current
measurements, the sample is cooled in the presence of an electric field across the transition
temperature. Afterward, the electric field is removed, and the electrodes are kept short for a
sufficiently long time in order to remove stray charges. With the help of an electrometer, the
current is recorded while warming the sample. The value of the electric polarization is small in
the case of magnetoelectric multiferroic materials compared to conventional ferroelectrics. In
some cases, pyrocurrent peak remains below the background noise level. In that case, in order
to detect a very small polarization, a high heating rate is required during pyroelectric current
measurement. The amplitude of the pyroelectric current peak depends on the warming rate.
The electric polarization P(T) is obtained by integrating the pyroelectric current I(T) data

against the measurement duration,

P(T) = %fldt
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Since the sample is poled across the ferroelectric transition, the small electric field is
sufficient to polarize the material, and a small polarization can be detected, which may not be
possible in conventional P-E loop measurement. Because of comparatively less polarization in
the case of multiferroic materials, percurrent measurement is a standard protocol for
polarization measurement. The switching polarization of ferroelectric materials can be
measured by reversing the poling electric field. Determining the electric polarization from
pyroelectric current measurements may mislead in polycrystalline materials [14]. A
ferroelectric material exhibit a sharp asymmetric peak in the pyroelectric data. But, sometimes
pyroelectric measurement shows broad and symmetric peaks which is due to thermally
stimulated depolarization current (TSDC) from free or trapped charges of the samples [15,16].
Such peaks should not be ascribed to the intrinsic polarization (ferroelectric transition). The
peaks from TSDC can be distinguished from ferroelectric transition by measuring them under
different warming rates. The peak due to TSDC shifts to higher temperature with increasing
warming rates, while if the peaks are from ferroelectric transition, it doesn’t shift with

increasing warming rate [16].

In this thesis, ferroelectricity of materials below magnetic ordering temperature is
probed by two methods above discussed conventional pyroelectric current measurement and
dc-biased current measurement. The second method clearly distinguishes the peak from
ferroelectricity and TSDC [17]. During dc-biased current measurement, the sample is cooled
below transition temperature without applying an electric field. Current is then measured while
warming the sample in the presence of an electric field. In the case of true pyroelectric current
peak (intrinsic ferroelectric transition), the dc-biased current shows two peaks — one upward
peak related to the polarization of the ferroelectric dipoles and a subsequent downward peak
arises from the depolarization of these polarized dipoles. However, this double peak structure
is not observed in the case of extrinsic TSDC peaks. Dc-biased current measurement is very
much helpful to distinguish extrinsic origin, particularly in polycrystalline samples.
Pyroelectric current and dc-biased current measurements are carried out in PPMS with a
Keithley 6517A electrometer.

2.3.5 P(E) hysteresis loop measurement

For a ferroelectric material, the electric polarization is measured conventionally by a
polarization (P) versus electric field (E). The P(E) loop measurement is carried out using a
Radiant Technology precision workstation, which is based on the Sawyer-Tower circuit, which
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is shown in Figure 2.7(a). In P(E) loop measurement, a triangular voltage pulse with a given
frequency is applied to the sample. Since the sample is connected in series with a known
capacitor (sense capacitor) of capacitance Ci, the same charge (Q) will be accumulated in the
sample and in the sense capacitor, which can be determined by measuring the voltage over the

known capacitor. The electric polarization (P) in the sample (with area A) can be obtained as,

c=2

174
p=2_-4h
A A

(b)

Drive voltage
(2) I

&
<——  Sample
- Voltage measurement (V) (©
<~ Sense capacitor (C,) I
& //

E—

I

Figure 2.7 (a) A basic Sawyer-Tower circuit, (b) a leaky P(E) hysteresis loop, (c) a proper
ferroelectric P(E) hysteresis loop measured in BaTiO:s.

It is very important to know that sometimes the observed hysteresis loop, as shown in
Figure 2.7(b), may not be intrinsic [18]. The hysteresis may appear due to the sample’s resistive
and capacitive character, which often shows a lossy banana loop which can occasionally be
misinterpreted as a ferroelectric loop. Also, if the ferroelectric material is itself not highly
insulating, the material will not take enough voltage; therefore, it is difficult to measure the
conventional P(E) loop. The proper ferroelectric loop is shown in Figure 2.7(c), where
saturation of polarization is observed. To measure intrinsic ferroelectric polarization and to
avoid the leakage contribution, an alternative P(E) loop measurement is introduced, which is
called a Double Wave method (DWM) or positive-up-negative-down (PUND) method [19].
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Structural, magnetic, multiferroic properties of
NaLnNiWOQO¢ (Ln =Y, Dy-Lu) and unconventional spin
density wave (SDW) structure of NaYNiWOs*

Summary

The multiferroic properties of a doubly ordered perovskites NaLnNiWOs (Lh =Y, and Dy-Lu)
are demonstrated. Using X-ray and neutron diffraction studies (YY), we have shown that these
compounds crystallize in a polar monoclinic (P21) structure, where they exhibit an unusual
combination of the layered A-site cation ordering and B-site rock-salt ordering. Long-range
antiferromagnetic ordering of Ni?* spins at Tn ~ 18 — 23 K accompanied with a dielectric
anomaly. The change in electric polarization (AP) is observed below magnetic ordering
temperature. Analysis of neutron diffraction data for NaYNiWOe at 20 K reveals an
unconventional spin density wave structure with the propagation vector, ki = (0.471(2), 0,
0.491(4)) and a commensurate collinear spin structure with ke = (0.5, 0, 0.5) below 18 K.
Further, we probed the formation of unconventional spin density waves (SDWSs) by evaluating
the spin-exchanges of NaYNiWQOs based on DFT calculations and analyzing the nature of the
spin frustration in NaYNiWOe. A double-peak structure in the heat capacity data of
NaLnNiWOs (Ln = Dy-Lu) suggested the presence of an incommensurate and commensurate
magnetic phase transition similar to NaYNiWOs. The observed polarization at Tn could be due
to the possible enhancement of high temperature polarization expected from the magnetoelastic

coupling.
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*Paper based on this work is published in Chem. Mater, 32, 5641 (2020), Inorg. Chem. 59, 17856 (2020)
© 2020 by the American Chemical Society, and J. Magn. Magn. Mater. 540, 168412 (2021) © 2021 by
the Elsevier Ltd.
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3.1 Introduction

Similar to simple perovskites, most of the double perovskites crystallize in
centrosymmetric structure except few polar double perovskites, such as PboMnWOe,
Bi2NiMnOs, and Bi2Mna;3Ni2306 [1-4], where the presence of stereochemical active cation at
the A-site drive the system to polar structure, and the B-site cations provide magnetism as
discussed in chapter 1. Thus, these double perovskites belong to type-I multiferroics. Recently,
an unusual combination of the layered ordering of A-site cations and rock-salt ordering of B-
site cations in NaLaMnWOs has been shown to exhibit polar P21 structure [5]. Such an unusual
ordering of the A-site cations is primarily stabilized by highly charged second-order Jahn-Teller
(SOJT) distortion of the W8*(d®) cation. Theoretical studies on NaLaMnWOg revealed that the
stability and amplitudes of the two non-polar rotation modes and induced polar mode cause the
spontaneous ferroelectric polarization, which is predicted to be as large as 16 pC/cm? [6].
Further investigation shows that the size of the A-site cation plays a crucial role in terms of
electrical polarization, with a large increase of the latter with the difference in the ionic size of
the A-site cations [6,7]. Several compounds belonging to this family of oxides have been
reported and can be classified under polar magnetic oxides [5,8-12]. However, there is no
experimental report on the existence of ferroelectricity in the paramagnetic state of these
compounds. In this chapter, we synthesized and characterized the new series of polar (P21)
compounds, NaLnNiWOs (Ln = Y, Dy-Lu) containing Ni?* ions, and show that these
compounds exhibit multiferroic properties below the antiferromagnetic ordering of Ni?* ions.
The magnetic spin structure of NaYNiWOe is a spin density wave just below Ty with ki =
(0.471(2), 0, 0.491(4)), and changes to a simple collinear magnetic structure with ke = (0.5, 0,
0.5), below 18 K. Further, with the help of DFT calculation we understood the formation of the

unconventional spin density wave structure of NaYNiWOe.

3.2 Experimental section

3.2.1 Synthesis

The NaLnNiWOs compounds with Ln =Y, Dy-Lu were prepared by high pressure and high
temperature synthesis using, Na2WQO4-2H20 (preheated at 150 °C), Ln.O3 (preheated at 950
°C), NiO, and WOz as starting materials. Stoichiometric amounts of the starting materials were
ground and pressed into a cylindrical pellet and wrapped in a thin gold foil and kept in an

enclosure prepared from NaCl and ZrO> mixture which was covered with a graphite heater.
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Molybdenum disc and stainless-steel ring were placed on both sides of the heater, and the whole
assembly was inserted into the pyrophyllite cube used as a pressure transmitting medium. The
pressure was first increased to 4.5 GPa and heated to 1000 °C. After one hour, the sample was

quenched directly to room temperature, and then the pressure was released slowly.
3.2.2 Characterization

Powder X-ray diffraction was carried out with a PANalytical Empyrean alpha-1
diffractometer using monochromatized Cu Ko radiation, and the data were acquired in the 20
range 10-120° for Rietveld refinement, which was performed using FullProf suite
program [13,14]. The neutron powder diffraction measurements were carried out on the WISH
diffractometer located at the I1SIS pulsed neutron and muon facility of the Rutherford Appleton
Laboratory (UK) [15]. The data were collected in the temperature range of 1.5-100 K using an
Oxford instrument cryostat. Rietveld refinement of neutron diffraction data was performed
using the JANA2006 program [16]. Group theoretical calculations were performed with the
help of the ISOTROPY and ISODISTORT software [17]. Second-harmonic generation (SHG)
measurements were done on NaLnNiWOeg (Ln =Y, Dy, Ho) samples at room temperature using
a modified Kurtz-nonlinear optical system with a pulsed Nd:YAG laser (A = 1064 nm). The

technicalities of apparatus and procedure have already been reported in the literature [18,19].

DC magnetization measurements were carried out with a Magnetic Property Measurement
System (MPMS3-SQUID), Quantum Design, USA. Heat capacity data were recorded with a
Physical Property Measurement System (PPMS, Quantum Design). Temperature dependent
dielectric and pyroelectric measurements were carried out with an Agilent E4980A LCR and
Keithley 6517A electrometer, respectively. For all electrical measurements, PELCO silver
paste was used to make electrodes. During pyroelectric measurements, the samples were poled
with an electric field (x E), and to remove any stray charges, the electrodes were shorted for
15 min. The current was recorded while warming with a rate of 15 K/min because of the small
value of the polarization. During these measurements, temperature and magnetic were
controlled through PPMS. DC-biased current was measured after cooling the sample to the
lowest temperature without any poling field and recording the current during warming the
sample at the rate of 10 K/min under an applied electric field using Keithley 6517A

electrometer.
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3.3 Results and discussion
3.3.1 Experimental results on NaYNiWOe

3.3.1.1 Crystal structure

Room temperature X-ray powder diffraction pattern could be best fitted with the polar
P2, space group, which is derived from the undistorted doubly ordered structure P4/nmm, and
characterized by the octahedral tilt system aa'c” in Glazer notation [20]. The refined XRD
pattern at room temperature and the structural parameters are given in Figure A-1.3.1 and Table
A-1.3.1. To further confirm the non-centrosymmetric nature of NaYNiWOe we have
performed SHG studies at room temperature, which is found to be SHG active under a 1064
nm laser. The laser intensity is around 0.53 times of alpha-SiO; for NaYNiWOs, confirming
the polar nature of this compound. Since oxygen positions cannot be determined accurately by
X-ray diffraction, we have analyzed the neutron data collected at 100 K by Rietveld refinement
using the program JANA2006, and the refined pattern is given in Figure 3.1. The corresponding
structural details are given in Table 3.1. A small amount of Y2WOs and NiO were present as
impurity phases, which were included in the refinement. However, we could not index the peak

at 3.3 A with any known impurity phase.
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Figure 3.1 Rietveld refined neutron data of NaYNiWOe collected at 100 K from the high-
resolution WISH bank with an average 26 = 152.8°.
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Table 3.1 Structural parameters of NaYNiWOg at 100 K from the refinement of NPD data.

Atom \Qﬁigg X y z Uiso(A2) Occ.
Na 2a 0.2545(4) 0.1992(5)  0.0159(3)  0.0015(4) 1.0
Y 2a 0.2682(2) 0.3044(3) 0.5033(1)  0.0222(2) 1.0
Ni 2a 0.7409(2) 0.2672(2) 0.2488(1)  0.0128(1) 1.0
W 2a 0.7461(4) 02500  0.7627(2)  0.0021(1) 1.0

0(1) 2a 05637(3) 0.5293(3) 0.6840(2)  0.0074(2) 1.0

0(2) 2a 0.5246(2) 05545(3)  0.3026(2)  0.0115(3) 1.0

0(3) 2a  -0.0578(3) -0.0669(4) 0.2112(2)  0.0044(2) 1.0

0(4) 2a  -0.0706(3) -0.0544(3) 0.7901(2)  0.0055(3) 1.0

0(5) 2a 0.8456(3) 0.2165(3) 0.5076(2)  0.0151(3) 1.0

0(6) 2a  0.6617(3) 0.2833(4) -0.0132(2) 0.0069(2) 1.0

Space group: P21; a = 5.31362(5) A, b = 5.48659(5) A, ¢ = 7.73727(6) A, S = 90.202(9)°.
Vol.: 225.55 A% GOF = 1.52, Ry = 1.37 (%), Rwp= 1.75 (%).

The crystal structure obtained from the structural data for NaYNiWOs is shown in Figure 3.2,
in which each NiOs octahedron shares all its corners with other WOs units in an ordered
arrangement typical of rock-salt ordering, while Na and Y cations are arranged in layers
alternatively between the layers of B-site octahedra, along the c-axis.

Selected bond lengths and bond angles obtained from the refinement of the crystal
structure are given in Table 3.2. Careful inspection of Ni-O and W-O bond lengths suggest that
the WOs octahedra are highly distorted, with the W-O(6) bond shorter (1.829(1) A) than the
W-O(5) one (2.074(1) A), indicating the displacement of W®* cations from the center of the
octahedra towards the layer with the monovalent Na* cations. The displacement of W®* ions
are due to SOJT, and it is usually observed for highly charged d° cations in octahedral
reported WO3 and
PboMnWOs [1,2,21,22]. SOJT is favored when the energy gap between the highest occupied

coordination as it has been in other W compounds, e.g.,
molecular orbital (HOMO; ligand 2p-nonbonding orbitals) and the lowest unoccupied
molecular orbital (LUMO; metal tog orbitals) is small, and the mixing of these orbitals are
symmetry forbidden in the undistorted phase. In this case, a shift of the metal atom from the
center of the octahedron allows the mixing of these orbitals with a concomitant energy gain.
The shift of the metal atom from the center of the octahedra results in a lowering of the filled
HOMO energy while the energy of empty LUMO increases, and therefore, it lowers the overall
energy of the structure [23]. All the Ni-O bond distances are approximately equal to 2 A with

almost undistorted octahedra.
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Figure 3.2 (a) Crystal structure of NaYNiWOe, where A-site cations (Na and Y) exhibit layered
ordering and B-site cations (Ni and W) exhibit rock-salt ordering with distorted NiOs and WOQOsg
octahedra. (b) Octahedral coordination of Ni* and W®* cations surrounded by oxygen with
different Ni-O and W-O bond lengths.

The calculated octahedral distortion parameter Ad of both the octahedra (Adx103 =
3.733 for W®* cation and 0.537 for Ni?* cation) indicates that WOs octahedra are highly
distorted by the effect of SOJT compared to NiOg octahedra. The monoclinic structure with
space group P21 results from the antiphase rotation of the octahedra with respect to both a- and
b-axes and in-phase rotation with respect to c-axis according to tilt scheme a'ac* in Glazer’s
notation, which results in all Ni-O-W bond angles being smaller than 180°, as shown in Table
3.2. The calculated bond valance sums (BVS) show expected oxidation states for the cations
and anions [24]. Also, BVS calculations reveal the underbonding of O(6) ions and overbonding
of O(5) ions, which is consistent with WOs octahedral distortion.

Table 3.2. Selected bond lengths, angles, and bond valence sums (BVS) for NaYNiWOg at 100
K.

Bond lengths (A) Bond angles (deg) Bond valence sums
Ni 0O(1) 2.126(1) Ni-O(1)-W 139.85(4) Na 1.26(3)
0(2) 2.059(1) Ni-O(2)-W 143.94(5) Y 2.73(5)
0(3) 2.077(1) Ni-O(3)-W 150.59(5) Ni 2.15(4)
O(4) 2.044(1) | Ni-O(4)-W  149.67(5) W 5.8(1)

0()  2.063(9) | Ni-O()-W  147.18(4) | O(1)  1.84(6)
O(®6)  2.049(8) | Ni-O(6)-W  153.00(4) | O(2)  1.98(5)

W o)  1.970(1) 0@B)  1.91(5
0(2)  1.926(1) 0@)  2.05(7)
0(3)  1.901(1) 0()  1.86(4)
0@)  1.870(1) 0®6)  2.10(4)

0()  2.074(1)
0®6)  1.829(1)
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3.3.1.2 Magnetic properties

Temperature dependence of magnetization data M(T) measured under zero-field-cooled
(FC) and field-cooled (FC) conditions with an applied magnetic field of 1000 Oe for
NaYNiWOe is shown in Figure 3.3(a). The heat capacity data Cp(T) measured under the zero
applied field is given in the right axis of Figure 3.3(a). Both M(T) and C,(T) data indicate a
long-range antiferromagnetic transition of Ni?* ions at Ty = 21.5 K. In addition to the peak at
Tn in Cp(T) data, and there is a small shoulder around 18 K. We show later that these two peaks
correspond to incommensurate and collinear magnetic transitions, respectively. Isothermal
magnetization curves of NaYNiWOs measured at 3 and 30 K as a function of the magnetic
field are shown in Figure 3.3(b). These results are consistent with the antiferromagnetic and

paramagnetic nature of the sample, respectively.
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Figure 3.3 (a) Zero-field-cooled (FC) and field-cooled (FC) magnetization data of NaYNiWOQOsg
as a function of temperature measured under a magnetic field of 1000 Oe and heat capacity
divided by temperature on the right axis of the Figure at O T. (b) Magnetic field dependent
magnetization M(H) at 3 K and 30 K.
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Figure 3.4 Inverse susceptibility (1/ymor) as a function of temperature.
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Temperature dependent inverse susceptibility (1/ym) in the high temperature paramagnetic
region follows a Curie-Weiss behavior as shown in Figure 3.4. The obtained effective magnetic
moment (eff) is 3.36 pa/Ni, corresponding to the calculated spin only contribution of Ni?* ions.
The negative value of Curie-Weiss temperature (-49.76 K) is consistent with the

antiferromagnetic ordering.
3.3.1.3 Magnetic structure

The compound NaYNiWOs was chosen for the neutron diffraction experiment because
it does not contain any neutron-absorbing element and the only magnetic element present in
the compound is Ni?*. Long scans were collected at 100 K, 30 K to determine the crystal
structure in the paramagnetic state and at 1.5 K to determine the magnetic ground state. Several
short collection scans were carried out between 4 K and 20 K with a step size of 2 K. The NPD
at 100 K and 30 K are well fitted with the P2; space group. On cooling, two small magnetic
diffraction peaks appeared just below T, around 8.8 A, which on further cooling became a
single prominent peak at ~ 18 K, as marked in Figure 3.5.

Intensity (a.u.)

5 6
d(A)

Figure 3.5 Neutron powder diffraction patterns of NaYNiWOsg for selected temperatures.
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This suggests a change in the magnetic structure at ~ 18 K, as indicated by the double peak in
heat capacity data. At 20 K, the magnetic satellites were indexed by the incommensurate k-
vector (0.471(2), 0, 0.491(4)) and at lower temperatures (1.5 K < T < 18 K), the magnetic peaks
can be indexed by the commensurate k-vector (0.5, 0, 0.5).

ISODISTORT was used to perform group theoretical calculations to determine the
possible magnetic space groups of the ordered phases. Starting from the magnetic ground state
at 1.5 K, the collected diffraction data can be well modeled with the B[a]2: magnetic space
group corresponding to the mA2 irreducible representation. The Rietveld plot is shown in
Figure 3.6, which shows a good agreement between the observed and calculated data. The best
fit is achieved when refining the magnetic moments along both a- and c- directions. The
magnitude of the b-component was negligible compared to the other two, and the removal of
the latter did not degrade the refinement. The collinear refined magnetic structure at 1.5 K is
presented in Figure 3.7(a). This magnetic structure has moment components of My = 0.25(2)
pe and M; = 1.88(1) us with the total magnetic moment of 1.89(2) us close to the theoretical
value of 2 pg for Ni?* ion. The evolution of the magnetic moment of Ni?* as a function of
temperature (Figure 3.7(b)) follows a mean-field power-law behavior, m(T) = my(1 —

T /Ty)P with a critical exponent g = 0.17(1) [25].

15K o Obs.
—— Calc.
—— Obs.-Calc.

Intensity (a.u.)

ML — N

5
d(A)

Figure 3.6 Rietveld refinement fit for the WISH neutron powder diffraction data collected at
average 20 = 58.3° at 1.5 K of NaYNiWOs compound. Olive green and violet tick marks
indicate the Bragg reflections for nuclear and magnetic structures of NaYNiWOQs. Intense
magnetic reflections are indicated by an asterisk. Wine and orange tick marks indicate the
Bragg reflections for Y2WOs and NiO impurity phases.
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Figure 3.7 (a) Representation of the magnetic structure of NaYNiWOs with the magnetic
moments plotted on the Ni atoms at 1.5 K and (b) the evolution of Ni?* magnetic moment as a
function of temperature, showing the power-law fit as discussed in the text and (c) the
incommensurate sinusoidal structure at 20 K.
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Figure 3.8 Rietveld refinement fit for the WISH neutron powder diffraction data collected at
average 20 = 58.3° at 20 K of NaYNiWOg compound. Olive green and violet tick marks
indicate the Bragg reflections for nuclear and magnetic structures of NaYNiWOe. Intense
magnetic reflections are indicated by asterisk. Wine and orange tick marks indicate the Bragg
reflections for Y2WQOs and NiO impurity phases.
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At 20 K the magnetic reflections can be indexed with the incommensurate propagation
vector ki = (0.471(2), 0, 0.49(4)). The data can be modeled with the P2,1'(a0g)0s magnetic
superspace group corresponding to the mF1 irreducible representation. The obtained magnetic
model is a spin density wave (SDW) with an amplitude of 0.89(4) ps with the moment oriented
along the c-direction, as shown in Figure 3.7(c). The Rietveld plot of NPD data at 20 K is

shown in Figure 3.8 and shows a good agreement between the observed and calculated data.
3.3.1.4 Dielectric, pyroelectric, and DC-bias measurements

To explore the dielectric properties and the magnetoelectric coupling near the magnetic
ordering temperature, we have carried out electrical measurements on this compound. The
temperature dependence of dielectric constant, &(T), under different magnetic fields at 50 kHz,
shows a clear anomaly at the magnetic ordering temperature (Tn = 21 K) as shown in Figure
3.9(a). Temperature dependence of the dielectric constant e(T) with different frequencies is
shown for a wide temperature range in Figure 3.9(b). The dielectric peak at Tn does not shift
with an increasing frequency indicating the absence of relaxation phenomena. However, it
shows broad maxima around 50 K, corresponding to dipolar relaxation (DR), as shown in the
loss data in the inset of Figure 3.9(b). To investigate whether the dielectric anomaly at the
magnetic ordering temperature is related to ferroelectric transition, we have recorded
pyroelectric current against temperature with a poling electric field of E = £ 18.9 kV/cm. The
observed pyroelectric current was integrated against time and presented as temperature
dependent electric polarization, as shown in Figure 3.9(c). Considering the polar nature of this
compound, one can expect a honzero electric polarization above Néel temperature, but we did
not find ferroelectric polarization indicating that this doubly ordered perovskite is pyroelectric
in the paramagnetic phase. However, the magnetic ordering induces a change in polarization
(AP) that is switchable by changing the direction of the applied electric field. It should be noted
that the AP starts appearing slightly higher than T because of the higher warming rate (15
K/min) followed in the pyrocurrent measurement, which is essential because of the low value
of AP. It is also worth mentioning that both commensurate and incommensurate magnetic
structures themselves are non-polar, but the point group of the paramagnetic structure is polar.
Therefore, the change in polarization at T is due to a renormalization of the latter caused by
the magnetic phase transitions. This is usually related to a magnetoelastic coupling which is
well known in literature [26-29]. No anomalies were detected in the evolution of the cell
parameters across Tn in our data, probably because of the small value of AP. The related
structural changes are likely below the resolution of the present diffraction experiment.
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To distinguish between polarization due to ferroelectric dipoles and thermally
stimulated free charges, the dc-bias current measurement was performed. In this measurement,
the current is recorded around Tn with increasing temperature by applying the dc electric field
without pre-poling the sample [30]. Temperature dependent dc-biased current measured under
an applied electric field E = + 15.7 kV/cm is shown in Figure 3.9(d). It shows a broad positive
peak associated with the polarization of the dipoles, followed by a sharp negative current peak
indicating the depolarization of the polarized diploes, hence confirming the intrinsic
polarization of NaYNiWOs. The P-E loop measurement at 77 K exhibits a linear curve, which
does not represent ferroelectricity. However, the appearance of electric polarization at T and
switchability of the polarization direction by changing the direction of the applied poling

electric field suggests the multiferroic properties of NaYNiWOs.
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Figure 3.9 (a and b) Temperature dependent dielectric constant &(T) of NaYNiWOs measured
at different magnetic fields and various frequencies, respectively, and loss data is shown in
inset Figure (b). (c and d) Change in electric polarization AP(T) with the temperature at
different magnetic fields obtained from integration of pyroelectric current peak and dc-biased
current measured against temperature with an electric field of Eqc = + 15.7 kVV/cm and magnetic
fieldsof 0 and 8 T.
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3.3.2 Theoretical results on NaYNiWOs

In this section, we discussed the difference between conventional SDW and
unconventional SDW and the formation of unconventional SDW of NaYNiWOg by evaluating

the spin-exchanges and analyzing the nature of the spin frustration through DFT calculations.

3.3.2.1 Conventional spin density wave

The spin arrangement of a magnetic solid tends to be collinear because the energy of a
spin arrangement is described as the sum of spin-exchanges, and each spin-exchange is
minimum in energy when the two spins involved are collinear (either antiferromagnetic (AFM)
or ferromagnetic (FM)). When a magnetic solid is weakly spin-frustrated (namely, when not
all spin-exchanges can be made collinear), it adopts a noncollinear magnetic superstructure
such as a cycloid or a helix [31-36]. For a cycloid formed in a chain of magnetic ions (Figure
3.10(a,b), and (d,e)), each successive spin rotates in one direction by a certain angle so that the
moments of the ions differ in orientation but are identical in magnitude. There are two opposite
ways of rotating the successive spins, so the resulting two cycloids are opposite in chirality but
identical in energy [37]. When the temperature is lowered below the onset temperature of a
spin density wave Tspw, the two cycloids of opposite chirality occur with equal probability,

resulting in their superposition (Figure 3.10(c) and (f)), a state identified as a SDW [37].
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Figure 3.10 (a and b) Two chiral cycloids are leading to a transverse SDW shown in part (c).
(d and e) Two chiral cycloids are leading to a longitudinal SDW shown in part (f). For
simplicity, the angle of the spin rotation was taken to be 45°.
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A SDW is transverse (Figure 3.10(c)) if the preferred spin orientation at each magnetic
ion is perpendicular to the SDW propagation direction but is longitudinal if the spin orientation
prefers the SDW propagation direction [37]. As the temperature is lowered further below Tspw,
the electronic structure of the spin-lattice relaxes to energetically favor one of the two chiral
cycloids so that one often observes a cycloid state at a temperature slightly below Tspw [37—
43]. Either a SDW or a cycloid phase is typically incommensurate. A SDW might undergo a
phase transition to a commensurate AFM phase upon further lowering of the temperature below

Tx [37,43,44].

3.3.2.2 Unconventional spin density wave

From experimental studies, as we discussed previously, an unconventional kind of
SDW was observed in the NaYNiWOg compound. At 20 K, this compound exhibits an
incommensurate magnetic structure of propagation vector k = (ka, kv, k) = (0.47, 0, 0.49),
which is followed by a commensurate AFM structure of propagation vector (0.5, 0, 0.5) at 18
K, showing a very narrow temperature region favorable for the existence of the
incommensurate phase. Note that the k-space supercell (0.5, 0, 0.5) corresponds to the real-
space supercell (2a, b, 2¢). When the propagation of the incommensurate magnetic structure
along the [100]-direction is approximated by SDWs using a 32a supercell, each half-wave is
found to consist of alternating up and down spins [45], as illustrated in Figure 3.11. This feature
is in sharp contrast to conventional SDWs, in which each half-wave consists of identical spins

(e.g., Figure 3.10(c,f)) [37]. To distinguish the two types of SDWs, we used the term “a ferro-

Cc
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Figure 3.11 Alternating up- and down-spins (indicated by blue and red arrows, respectively)
in each half-wave of the SDW propagating along the [100] direction in NaYNiWQOs. Only one
chain of Ni** ions along the a-direction is shown using a 32a supercell.

SDW (f-SDW)” for a SDW composed of half-waves containing identical spins, and the term
“an antiferro-SDW (af-SDW)” for a SDW whose half-waves have alternating up and down
spins. Here, we probe the origin of the af~-SDWs observed along the [100]-direction of
NaYNiWOg and considered its implications. For this objective, we evaluate the spin-exchange

interactions of NaYNiWOg and analyze the nature of spin frustration present in the spin-lattice
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of NaYNiWOs, to find that the af-SDWs along the[100]-direction give rise to f-SDWs along
the [101]-direction.

3.3.2.3 Spin-exchange paths and spin frustration

NaYNiWOs is made up of NiOg octahedra containing magnetic ions Ni** (&%, S = 1)
and WOy octahedra containing nonmagnetic ions W' (a°, S = 0). It has a double-perovskite
structure so that the corner-sharing NiOs and WOg octahedra alternate along each of the a-, b-
and c-directions. Thus, all spin-exchanges between adjacent Ni* ions are of the Ni-O---O-Ni
type, in which the O---O contact is bridged by a W® ion to form a O---W®---O
bridge [31,46,47]. There are nine nearest-neighbor (NN) spin-exchanges to consider: Ja, Jo, and
Jc along the a-, b- and c-directions, respectively, and two diagonal exchanges Jab and Ja' in

each layer of Ni*" ions parallel to the ab-plane (Figure 3.12(a,b)).

(a) : y (b)
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Figure 3.12 (a) Spin-exchange paths Ja, Jb, Jab, and Ja' in a layer of Ni?* ions parallel to the ab-
plane. (At z = 0.25). (b) Spin-exchange path J. along the c-direction. (c,d) Spin-exchange paths
J1, J2, Js, and Js between two layers of Ni?* ions parallel to the ab-plane. The Ni?* ions are
represented by green spheres and the W®* ions by cyan spheres.

The oxygen atom of the longest Ni-O bond of each NiOs octahedron is represented by
a yellow sphere and the rest oxygen atoms by red spheres. The Ja' path includes a yellow O

atom in the O---W®"-..O bridge, but the Ja» path does not. In every two adjacent layers of Ni**
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ions parallel to the ab-plane, the Ni** ions form Nis tetrahedra, so there are four spin-exchanges
along the four edges of each Nis4 tetrahedron (J1, J2, J3, and J4) connecting the two layers (Figure
3.12(c,d)). The three-dimensional (3D) arrangement of these exchange paths is shown in Figure
3.13 (a). The geometrical parameters associated with the nine spin-exchange paths based on
the crystal structure determined by neutron diffraction refinement at 100 K are summarized in
Table A-1.3.2. For evaluation of the spin-exchanges, an experimentally determined crystal
structure was employed for DFT+U calculations [48—51] using Uer = 3, 4, and 5 eV as
discussed in the details of the calculation (Appendix-1).

(a) (b) J, -3.8
J, -5.3
J. -14.5
Jy -9.3
’ ), -9.4
), -6.8
J, +0.7
J; +0.5
), -1.1

Figure 3.13 (a) Arrangement of the nine spin-exchange paths in NaYNiWOe. The labels a, b,
c,ab, ab’, 1, 2, 3, and 4 refer to Ja, Jo, Jc, Jav, Jav', J1, J2, J3, and J4, respectively. (b) Values of the
spin-exchanges in K from DFT+U calculations with Uefr =4 eV.

For the spin orientation of the Ni** spins, DFT+U+SOC calculations [52] show that the
c-direction is more stable than the a- and b-directions (by 0.70 and 0.52 meV per Ni*",
respectively), in agreement with the experiment. To determine the values of the nine spin-
exchanges, we perform DFT+U calculations for 11 ordered spin states, depicted in Figure A-
1.3.2. The relative energies obtained for these states are summarized in Table 3.3. In

terms of the spin Hamiltonian,
H = _ZJUSLS]

the energies of the 11 ordered spin states are expressed in terms of the spin-exchange
parameters, as summarized in Table A-1.3.3. Thus, by equating the nine relative energies from
the DFT+U calculations to the corresponding relative energies expressed in terms of spin-

exchange interactions, [31,46,47] we obtain the values of the nine spin-exchanges summarized

71



Chapter 3

in Table A-1.3.4. The spin-exchanges determined using U = 3, 4, and 5 eV show similar
trends. For simplicity, only those obtained with Uesr = 4 eV are listed in Figure 3.13(b). With
the spin Hamiltonian defined above, a negative spin-exchange (Jij < 0) signifies an AFM

interaction and a positive spin-exchange (J;; > 0), a FM interaction.

In the commensurate magnetic structure (0.5, 0, 0.5) of NaYNiWOe, the spins of the
Ni** ions are antiferromagnetically coupled along with the a- and c-directions, but
ferromagnetically along the b-direction. Figure 3.13(b) shows that Ju/J¢ is greater than J./J (i.e.,
0.36 vs. 0.26 with Uesr = 4 V), so one would have expected an AFM coupling along the b-
direction rather than along a-direction, leading to the (0, 0.5, 0.5) supercell. This apparent
puzzle is associated with the spin frustration arising largely from the spin-exchanges Ja, Jo, Jc,
Jab, Jav', J1 and J3 (Figure 3.14). The arrangement of six exchange paths Ja, Jb, Jc, Jav', J1 and J3
of NaYNiWOs are presented in Figure 3.14(a).

Table 3.3 Relative energies (in meV per formula unit) of the 11 states of NaYNiWOs obtained
from DFT+U calculations.

Ut =3V  Uer=4eV  Uer =5 eV

EFM 9.39 7.29 5.62
EAF1 4.38 3.40 2.62
EAF2 3.05 2.37 1.83
EAF3 4.32 3.36 2.58
EAF4 7.94 6.15 4.72
EAF5 3.35 2.62 2.03
EAF6 3.47 2.68 2.05
EAF7 0.14 0.12 0.10
EAF8 0 0 0

EAF9 6.49 5.03 3.87
EAF10 5.58 4.33 3.33

The spin arrangements in the (0.5, 0, 0.5) and (0, 0.5, 0.5) structures are depicted in Figures
3.14(b) and (c), respectively. In the two structures, spin frustration occurs in each of the spin-
exchange triangles (Ja, Jb, Jab), (Ja, b, Jav’), (J1, J1, Jb), and (Jz, J3, Jb). The two structures differ

in how the spin frustration takes place.
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Figure 3.14 (a) Arrangement of six exchange paths Ja, Jb, Jc, Jan’, J1 and Ja. (b) (2a, b, 2c)
arrangement of spins. (c) (a, 2b, 2¢) arrangement of spins. The shaded and unshaded circles in
(b, c) refer to up- and down-spins, respectively.

DFT+U calculations show that the (0.5, 0, 0.5) spin arrangement (the AF8 state) is more
stable than the (0. 0.5, 0.5) spin arrangement (the AF7 state) very slightly (i.e., by 1.6, 1.4 and
1.2 K per formula unit with Uegr= 3, 4 and 5 eV, respectively; Table 3.3).

It is of interest to consider a commensurate supercell approximation for the
incommensurate structure (0.47, 0, 0.49) observed at 20 K. The 32a supercell representation in
Figure 3.11 corresponds to k, = 1/32 = 0.031. To find the real space supercell corresponding to
the (0.47, 0, 0.49) structure, we note that 1/k, = 1/0.47 = 2.13. In an integer representation, the
latter corresponds to 213a supercell in real space, which very closely amounts to seven 30a
supercells in terms of the commensurate-cell approximation. Similarly, 1/k. = 1/0.49 = 2.04,
which corresponds to 204c¢ supercell, or equivalently, to three 68¢ supercells. Thus, the (0.47,
0, 0.49) structure can be approximated by the (30a, b, 68c) supercell. Note that 1/30 = 0.033
and 0.5 - 0.033 = 0.467, which is close to the observed k, = 0.47, and 1/68 =~ 0.015 and 0.5 -
0.015 = 0.485, which is close to the observed ke = 0.49. The nature of spin frustration in
NaYNiWO¢ was analyzed in terms of the calculated spin-exchanges. To account for the
occurrence of the af-SDW along the [100] direction, we probe the spin frustration in each chain
of Ni** ions along the a-direction. The 3D spin-lattice of NaYNiWOs can be described by
starting with a two-dimensional (2D) rectangular lattice made up of Jp and J. (Figure 3.15(a)).
This 2D lattice repeats along the a-direction to form a set of 2D rectangular lattices (Figure
3.15(b)). The 3D spin-lattice consists of two such sets of 2D rectangular lattices, which are
indicated by blue and red sets in Figure 3.15(c). For clarity, only one vertex of each red

rectangle, located at the center between every two adjacent blue rectangles, is shown in Figure

3.15(c).
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Figure 3.15 Illustration of the spin frustration in NaYNiWOQOe. (a) 2D rectangular spin-lattice
made up of J, and J.. (b) A set of 2D rectangular spin lattices, which are spin-frustrated by (Ja,
Jv, Jab) and (Ja, Jb, Jav') triangles. In (a, b), the symbols a, b, ab, and ab’ refer to Ja, Jb, Ja» and
Jav', respectively. (c) Two sets of 2D rectangular spin lattices, represented by blue and red sets.
For clarity, only one lattice point is shown for each red rectangle at the center between every
two adjacent blue rectangles.

As discussed above, the spins in the chains of Ni?* ions along the a-direction tend to have an
AFM coupling, but this tendency is spin-frustrated due to the (Ja, Jo, Jab) and (Ja, Jb, Jav’)
triangles because all three spin-exchanges are AFM. Besides, slight spin frustration also exists
between the two sets of 2D rectangular spin lattices, as discussed previously.

As noted above, there are two sets of 3D sublattices (i.e., the set of blue 2D sheets and
that of red 2D sheets), which interpenetrate each other. As shown in Figure 3.16, each red 2D
sheet was represented by a red line, each red dot at the center of each blue box, and each blue
dot at the center of each red box. For example, the 2D AFM lattices 1, and 2 of the blue set
have spin frustration with the 2D rectangular lattice 1’ of the red set due to the spin-exchanges
J1, J2, J3, and Ja. As shown in Figure 3.17, spin frustration exists in the (Jc, J3, Ja, Ja) quadrangle,
in the (J1, Ja, Ja) and (J2, Ja, Jc) triangles.

Figure 3.16 Two sets of 2D rectangular spin lattices in NaYNiWOe.

74



Chapter 3

(a) (b)

l§ B Lo 377
T _14.48

Jab -926

¢ ’ o' -9.38

I, -6.78

A 4 J3 0.50

¢ 5 » Ts -1.06

I 0.72

Figure 3.17 (a) Arrangement of two adjacent blue and red 2D rectangular spin lattices. (b)
Values of the nine spin-exchanges (in K) were obtained with Uess = 4 eV.

To probe the condition for the formation of an af-SDW, we imagine that an AFM chain
(Figure 3.18(a)) is spin-frustrated by intrachain and/or interchain interactions, and the extent
of its spin frustration is reduced when the AFM chain adopts a cycloid in which the successive
spins rotate by an angle 6. (Because a SDW is the superposition of two cycloids of opposite
chirality, the formation condition for a SDW is the same as that for the formation of a cycloid
from a spin-frustrated AFM chain.) Then, there are two equally probable cycloids of opposite
chirality (Figure 3.18(b)), the superposition of which leads to an af-SDW (Figure 3.18(c)). With
the NN spin-exchange as J. (< 0), the spin rotation by & raises the spin-exchange energy by
Ja(-1 + cos 6) per spin site. Given the energy lowering from the reduction in spin frustration as
-A per spin site (A > 0), the formation of a cycloid in the AFM chain requires that -A+ Ja(-1 +
cos 0) <0, namely, cos 8> 1 - A/|J4|.

A long SDW such as a 30a-supercell af-SDW (equivalently, a 30a-supercell cycloid) is
explained by €= 360°/30 (i.e., cos@= 1/45). Thus, for such a long SDW to occur, A > 0.98|Ja],

1.e., A should be nearly equal to, or greater than, |J|.
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(b)

(c)

RERE

Figure 3.18 Formation of an af-SDW: (a) an AFM chain; (b) two cycloids of opposite chirality
generated by rotating each successive spin of the AFM chain by +6 °; (c¢) af-SDW resulting
from the superposition of the two cycloids in part (b). For this illustration, we choose 8= 30°.

3.3.2.4 Antiferromagnetic SDW and ferromagnetic SDW

Let us now consider other SDWs associated with the (0.47, 0, 0.49) superstructure of
NaYNiWOeg. If the ke value of (0.47, 0, 0.49) is approximated by 0.5, the af-SDWs along the
[100]-direction are antiferromagnetically coupled along the c-direction in NaYNiWOs, as
depicted in Figure 3.19. The latter shows that longitudinal af-SDWs running along the [001]-
direction are antiferromagnetically coupled along the [100] direction (Note that the af-SDWs
appear as AFM chains because the k. value of 0.49 was approximated by 0.5). Figure 3.19 also
shows that f~-SDWs running along the [101]-direction are antiferromagnetically coupled along
the [101]-direction. Each f-SDW along the [101]-direction is neither transverse nor

longitudinal because the spin orientation at each Ni*" site is along the [001]-direction.

+i++$¢fvf*++++ o
b b, L
+i++$¢?¥?++*+i“

+i*++f¢f¢*+++; Lﬂ

Figure 3.19 AFM coupling of the af-SDWs in the ac plane of NaYNiWOes, giving rise to f-
SDWs.
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For the transverse SDW to propagate along the a-direction, the two cycloids of opposite
chirality must be contained in the ac-plane. This is explained by two factors. (1) The preferred
spin direction is along the c-axis. (2) There are more spin-frustrated triangles involving J, than
those involving Jy, namely, (Ja, J1, J4), (Ja, Jb, Jab) and (Ja, Jo, Jav") vs. (Jv, J1, J1). Consequently,
the extent of spin frustration is more efficiently reduced if the noncollinear spins occur along
the a-direction rather than along the b-direction. Thus, the spin rotation in the ac-plane is

energetically more favorable than that in the bc-plane.

An incommensurate SDW state may undergo a phase transition to either a
commensurate AFM state or an incommensurate cycloid or helix. A SDW undergoes a phase
transition to a commensurate AFM state in two ways; one involves a cycloid state between the
SDW and AFM [38-44], and the other does not [53,54]. We note that a magnetic insulator
exhibiting an af~-SDW may not adopt a commensurate AFM ground state but a cycloid or spiral
ground state [S5-57]. In conclusion, an af-SDW arises from a spin-frustrated AFM chain of
magnetic ions to lower the extent of spin frustration. In general, incommensurate SDWs are

likely to arise from all AFM compounds with moderate spin frustration.

3.3.3 Results on NaLnNiWOs (Ln = Dy-Lu)

3.3.3.1 Structural analysis

The structure and macroscopic properties of all these compounds are similar to
NaYNiWOe. The powder X-ray diffraction data of compounds at room temperature are refined
with the P2; space group. We have performed SHG studies for NaDyNiWOg and NaHONiWOe
at room temperature, which is found to be SHG active under 1064 nm laser. The laser intensity
is around 0.67 and 0.53 times of alpha-SiO; for Dy and Ho, respectively, confirming the polar
nature. Structural parameters for all the compounds are given in appendix-1 (Figure A-1.3.3
and Table A-1.3.5 to A-1.3.10). All the compounds contain a small amount of Ln;WOs, NiO,
and Na2WO4-2H,0 impurities that are included in the refinement, and the weight% of the main
and impurity phases are given in the appendix (Table A-1.3.11). The lattice parameters of all
compounds are listed in Table 3.4. The bond angle Ni-O-W decreases with decreasing size of
rare-earth cation as given in Table 3.5 due to the higher degree of Ni/W octahedral tilting. As
a consequence, compounds with smaller rare-earth cations exhibit larger distortions which

should lead to large electric polarization [6,7].
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Table 3.4 Lattice parameters obtained from Rietveld refinement of PXRD data of NaLnNiWOs
at RT. (Ln = Y, Dy-Lu).
Compound a(A) b (A) c(A) B (%) V (A%
NaYNiWOs 5.3226(2) 5.4894(2)  7.7499(2)  90.202(9) 225.55(1)
NaDyNiWOs  5.3379(3) 5.4874(3)  7.7578(5)  90.246(4)  227.234(2)
NaHoONiWOs  5.3271(3)  5.4912(4)  7.7499(2)  90.239(2) 226.853(3)
NaErNiWOs 5.3089(2) 5.4858(2)  7.7429(2)  90.215(2) 225.50(1)
NaTmNiWOs  5.2951(2) 5.4797(2) 7.7345(2)  90.221(2) 224.42(3)
NaYbNiWOs  5.2834(5) 5.4792(5)  7.7284(8)  90.209(7)  223.728(4)
NaLuNiWOs  5.271(1)  5.4777(2)  7.725(1)  90.192(1)  223.06(5)

Table 3.5 Selected Bond lengths (A) and angles (°) from PXRD refinement at room
temperature.

Ln Y Dy Ho Er ™™ Yb Lu
Ni-O(1) 2.07(2) 2.04(3) 2.04(2) 1.98(2) 1.84(2) 2.01(2) 2.10(2)
Ni-O(2) 1.95(2) 1.89(3) 1.86(2) 2.01(2) 1.81(2) 1.80(2) 1.98(2)
Ni-O(3) 2.07(2) 2.09(3) 1.99(2) 2.07(2) 2.01(2) 2.08(2) 2.03(2)
Ni-O(4) 2.09(2) 1.92(3) 2.04(2) 2.07(2) 2.07(2) 2.14(2) 2.18(2)
Ni-O(5) 2.02(1) 1.78(2) 1.80(1) 2.02(1) 2.01(1) 1.94(2) 2.02(1)
Ni-O(6) 2.03(2) 2.08(2) 2.03(1) 2.03(2) 1.96(1) 2.1(2) 2.10(2)
W-0(1) 2.02(2) 1.96(2) 1.81(2) 2.04(2) 2.18(2) 2.17(2) 1.96(2)
W-0(2) 2.02(2) 2.11(2) 2.20(2) 1.95(2) 2.16(2) 2.23(2) 1.94(2)
W-0(3) 1.90(0) 1.85(2) 2.01(2) 1.90(2) 1.95(2) 1.9(0) 1.95(2)
W-0(4) 1.81(2) 1.99(2) 2.09(2) 1.91(2) 1.96(2) 2.16(2) 1.79(2)
W-0O(5) 2.13(1) 2.42(2) 2.41(1) 2.16(1) 2.19(1) 2.35(2) 2.08(1)
W-0(6) 1.81(1) 1.86(2) 1.83(1) 1.80(1) 1.87(1) 1.88(2) 1.74(2)

Ni-O(1)-W  149.3(10)  151.9(1) 158.8(10) 154.7(8) 151.0(8) 136.5(9)  149.8(7)
Ni-O(2-W  1455(10) 150.2(1)  155.1(9)  146.9(9) 143.1(8) 144.7(9)  149.0(8)
Ni-O(3)-W  153.8(10) 149.5(1)  134.6(9) 150.8(8) 152.9(8) 143.8(9) 148.6(8)
Ni-O(4)-W  144.2(11) 149.1(1) 138.8(9) 137.8(8) 136.1(8) 120.7(9)  136.6(8)
Ni-O(5)-W  150.8(8)  144.2(8)  146.3(6)  147.4(6) 146.3(6) 140.7(8)  153.8(5)
Ni-O(6)-W  153.5(8)  145.6(9) 148.8(7) 153.6(6) 151.8(6) 136.9(8)  153.0(6)

3.3.3.2 Magnetic properties

The dc magnetization measured between the temperature range of 2-40 K under a field
of 100 Oe in zero-field-cooled (ZFC) and field-cooled (FC) conditions for NaLnNiWOe (Ln =
Dy, Ho, Er, Tm, Yb, and Lu) are shown in Figure 3.20(a-f). The absence of magnetic anomaly
in M(T) data for the ordering of Ni?* ions in all magnetic rare-earth cation compounds is due

to the large paramagnetic contribution of the magnetic rare-earth cations over the Ni%*
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moments. Therefore, the magnetic ordering temperature of the Ni?*-ion is determined by heat
capacity measurement, as shown in the right axis of Figure 3.20 (a-f). These compounds exhibit
antiferromagnetic transition around 23 K for Dy, 22 K for Ho, 21 K for Er, 20 K for Tm, Yb,
and 18 K for Lu compounds. The small peak in the heat capacity data of the Ho compound at
low temperature ~ 2.3 K and peak in heat capacity data around 4.5 K for the Tm compound
indicates the magnetic ordering of Ho** and Tm3* ions. The marked broad peaks below Ty in
the heat capacity data Co(T)/T vs. T of Er, Tm, Yb, Lu, and probably a shoulder-like feature in

Dy sample below Tn compounds may suggest the change in the magnetic structure of Ni*

spins.
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Figure 3.20 (a-f) Temperature dependent dc magnetization data in zero-field-cooled (ZFC) and
filed-cooled (FC) sequence measured under a magnetic field of 100 and Cp/T (heat capacity
divided by temperature) data on the right axis of Figures.
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This double peak structure indicates the change in the magnetic structure in a similar way to
NaYNiWOe, which has an incommensurate magnetic structure at 20 K and collinear magnetic
structure below 18 K. The low-temperature behavior of the Lu compound (Figure 3.20(f))
below 10 K may be due to the NiO impurity phase [33].
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Figure 3.21 (a-f) Inverse susceptibility (1/ymor) as a function of temperature.

The temperature dependent 1/y data (Figure 3.21(a-f)) were fitted to the Curie-Weiss
law, y = C/(T-6) in the paramagnetic region, where C and ¢ are the Curie and Weiss constants,
respectively. The obtained effective magnetic moments from the Curie-Weiss fits are shown in
Figure 3.21(a-f), which are close to the calculated moment. The effective magnetic moment is
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calculated by the formula pesr = g(S(S+1))Y2, uerris 2.83 for Ni?*, where g = 2.0023 and S = 1.
In the case of magnetic rare-earth cation compounds, the relation (uotal)? = (tn)? + (uni)? was
used to obtain contribution from magnetic rare-earth cation and Ni* ion. The obtained negative
Curie-Weiss temperatures are consistent with antiferromagnetic ordering through various
superexchange pathways, NiZ*-0%-W®*-O?-Ni?*, as reported earlier [25]. The obtained s and
Curie-Weiss temperatures (éw) from the Curie-Weiss fit for all the compounds are given in

Table 3.6, which are in good agreement with the reference value.
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Figure 3.22 (a-f) Magnetic field dependent magnetization M(H) at different temperatures and
dM/dH in the inset of Figures (a-e).
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Table 3.6 Curie-Weiss constant, uerr (experimental), and et (theory/reference value) derived
from the magnetization data measured under FC condition, Tn (K) for Ni?* ion determined from
heat capacity data.

Compound 0 (K) ueff (UB)  weff (us) theory/ref T
name (K)
NaYNiWOs -49.7 3.3 2.83 21
NaDyNiWOsg -4.8 11.2 11.01 23
NaHoNiWOs -13.6 11.6 10.97 22
NaErNiWOs -8.2 10.5 9.98 21
NaTmNiIWOs -13.7 8.8 8.1 20
NaYbNiWOs -2.2 4.8 5.34 20
NaLuNiWOs -54.9 3.5 2.8 18

Magnetic field dependent isothermal magnetizations M(H) of these compounds at
different temperatures are shown in Figure 3.22(a-f). The non-linear behavior in M vs. H curves
at low temperatures suggests a metamagnetic transition due to the field-induced effect on the
magnetic Ln3* ions ordering, as seen in the dM/dH curves in the inset of Figures 3.22 (a-e). The
slight nonlinearity in the M vs. H curve of the Lu compound at lower temperatures (Figure
3.22(f)) is probably due to some degree of spin reorientation at higher fields. Above Tn, the M

(H) curves of all these compounds resemble paramagnetic behavior.
3.3.3.3 Dielectric and ferroelectric properties

In Figure 3.23(a-f) dielectric constant (er) measured in the temperature range, 2 - 40 K
with 50 kHz under different applied magnetic fields is shown. An apparent anomaly is observed
for all three compounds at the magnetic ordering temperature. In the case of NaHoNiWOsg and
NaTmNiWOs at low temperature, a broad anomaly corresponding to the short-range ordering
of Ho®* and Tm®" ions is observed. The anomaly varies slightly with applied fields in &r(T)
data. Therefore, we have measured magnetocapacitance at different temperatures between 2-
30 K and observed a sizeable magnetodielectric effect below 10 K, as shown in Figure 3.24.
The frequency-dependent dielectric data «(T) are shown in Figure 3.25(a-f). The dielectric
anomaly observed at the antiferromagnetic ordering temperature (Tn) is independent of applied
frequencies, indicating that these anomalies are not related to any relaxation phenomenon.
Also, the value of dielectric loss is very low indicating that these compounds are highly

insulating around the magnetic ordering temperature.
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Figure 3.23 (a-f) Temperature variation of dielectric constant (T) of NaLnNiWOg (Ln = Dy-
Lu) compounds measured at 0-8 T with 50 kHz frequency.
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Figure 3.25 (a-f) Dielectric constant (&r) as a function of temperature with various frequencies.

The observed dielectric anomaly at Tn confirmed the magnetodielectric behavior of these

compounds. In NaTmNiWOQs, another dielectric anomaly occurs at the Tm3* ordering as

observed in fie

Temperature dependent polarization and dc-bias data for NaDyNiWQOs are shown in
Figure 3.26(a,b). Temperature dependent dc-bias current measurement, measured with an
applied electric field of E = +12.9 kV/cm, shows a small positive peak followed by a sharp
negative depolarization current peak, which confirmed the ferroelectric nature of this
compound at magnetic ordering temperature. Also, we have measured the dc-bias current by
applying the electric field of E = -12.9 kV/cm to get the reverse dc-bias signal. By removing a

Id dependent dielectric data.
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small positive polarization peak in the dc-bias signal, we have integrated depolarization peak

to obtain spontaneous polarization.
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Figure 3.26 (a) Temperature dependent electric polarization AP(T) obtained from the
integration of negative depolarization peak in dc-bias current measurement data of
NaDyNiWOes. (c,d) Change in electric polarization AP(T) against temperature under different
magnetic fields obtained from the integration of pyroelectric current peak for Ho, Yb
compounds. (b, e, and f) dc-bias current as a function of temperature measured with an electric
field as mentioned in Figure and under magnetic fields 0 and 8 T.

The observed dc-bias signal at the magnetic ordering temperature confirmed the coupling
between ferroelectricity and magnetism in this compound. We could not measure the
pyroelectric current at Tn for NaDyNiWOg, likely because the change in pyro current signal is
too low to be detected. Temperature dependent electric polarization AP(T) and dc-bias current
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measurement for the other two compounds NaHoNiWOg and NaYbNiWOg are shown in Figure

3.26, which confirmed the magnetoelectric coupling of these compounds below magnetic

ordering temperature.
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Figure 3.27 (a-c) Temperature dependent dc-bias current measured while warming the sample
from 10 - 30 K in the presence of electric field (E). (d-f) Change in electric polarization (AP)
against temperature obtained from the integration of the negative depolarization peak in dc-
bias current data at 0 T.

We have not observed the significant pyroelectric anomaly for NaErNiWOes,
NaTmNiWOs, and NaLUNiWOe compounds. The observed pyroelectric current was an order
of magnitude smaller and close to the resolution limit of the measurement, which could be due
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to the small value of change in electric polarization AP(T) of these compounds. However, the
dc-bias current measurements of all these compounds (Figure 3.27(a-c)) show successive
positive polarization and negative depolarization peaks near Tn. The observed positive peak is
associated with ferroelectric polarization and subsequent sharp negative current peak related to
depolarization of the ordered electric dipoles. The dc-biased current measurement is a well-
known method that differentiates the sample’s intrinsic pyroelectric peak from the extrinsic
origin, which might appear due to the thermally stimulated free charge carriers (TSFC) [29].
To obtain the change in polarization below the magnetic ordering temperature, we integrated
the depolarization peak of the dc-bias signal against time and presented it in Figure 3.27(d-f).
The electric polarization obtained from the dc-bias signal at the magnetic ordering temperature

confirmed the multiferroic properties of these compounds.

Although we have not performed neutron diffraction measurement in the other
compounds, the observed double peak in the heat capacity data and appearance of ferroelectric
polarization at magnetic ordering temperature of Ni?* jons suggest that all other compounds
should also have a similar incommensurate and commensurate magnetic structure of the Ni%*
moments. In all the compounds, the observed polarization at Tn could be due to possible
enhancement of high temperature polarization expected from the magnetoelastic coupling,
which was observed in the other class of compounds as well [9, 36-38]. The observation of
multiferroic properties in these doubly ordered perovskites implies that the polar compounds
constitute a very important family of compounds for magnetoelectric coupling without the

requirement of a complex magnetic structure as reported in several type-11 multiferroics.
3.4 Conclusion

We have synthesized a new family of doubly ordered perovskites NaLnNiWQg (Ln = Y,
Dy-Lu) under high pressure and high temperature conditions. These compounds crystallize in
the polar P2, structure with the layered A-site and rock-salt B-site cation ordering. SHG studies
were performed on NaYNiWOs, NaDyNiWOQOs, and NaHoNiWOs confirmed the non-
centrosymmetric nature of these compounds. Magnetic and heat capacity measurements show
that these compounds order antiferromagnetically between the temperature range of 18-23 K.
Neutron diffraction studies revealed that at 20 K, the NaYNiWOs compound has an AFM spin
density wave structure, and it changes to a commensurate collinear structure below 18 K.
Theoretical studies show that the AFM chain of NaYNiWOe adopted unconventional AFM-

SDW structure to reduce the spin frustration. A double-peak structure in the heat capacity data
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of NaLnNiWOs (Ln = Dy-Lu) suggests the presence of an incommensurate and commensurate
magnetic phase transition in these compounds as well. Particularly, NaHoNiWQOes and
NaTmNiWOs compounds showed an additional dielectric anomaly below Tn corresponding to
the short-range ordering of magnetic rare-earth cations and thus exhibited a magnetodielectric
effect. The dielectric anomaly, switchability of the polarization change (AP(T)), and dc-bias
current signal at Tn suggest the multiferroic properties of these compounds. Experimental
results of multiferroicity in doubly ordered perovskites open an avenue to design and predict

new polar magnetic materials for interesting properties.
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Chapter 4

Structural, magnetic and electrical properties of
NaLnNiWOQOg¢ (Ln = La, Pr, Nd, Sm, Eu, Gd, and Tb)*
Summary

The crystal structure and physical properties of series of compounds NaLnNiWOe (Ln = La,
Pr, Nd, Sm, Eu, Gd, and Tb) with higher size rare-earth cations are investigated in this work.
Using neutron (Ln = La), X-ray diffraction, and second-harmonic generation (SHG) studies,
these compounds are found to be crystallized in the monoclinic structure with the polar space
group P2:. These materials exhibit a combined layered ordering of A-site cations and rock-salt
ordering of B-site cations with octahedral tilting, which breaks the inversion symmetry similar
to NaYNiWOs. These compounds undergo a long-range antiferromagnetic ordering in the
temperature range of 23 — 30 K, depending on the Ln-ion. NaLaNiWOg has a simple collinear
magnetic structure with the propagation vector, k = (¥, 0, %2). In contrast to the compounds
with smaller lanthanide ions (Lh =Y, Dy-Lu), these compounds do not exhibit measurable

electric polarization at Tn but show a dielectric anomaly.
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4.1 Introduction

By substituting suitable aliovalent cations at both the sites in A4'BB'Os perovskites, it
is possible to expand the doubly ordered perovskites family further. The compounds
NaLaMWOs (M = Co, Ni), KLaMnWQOs, NaLnMnWQOs, NaLnMgWOQOs, NaLnCoWOs (Ln =
different rare-earth ions), and NaLnFeWOs (Ln = La, Nd, Pr, and Sm) are reported, but their
electrical properties are unexplored [1-5], except for NaLnMnWOs (Ln = La, Nd, and Tb) and
NaLnFeWOs (Ln = La, Nd, Sm, and Pr), where they showed the absence of polarization despite
the polar crystal structure (P21) [3,5]. Further, it has been reported that doubly ordered
perovskites possess different magnetic structures depending on the different rare-earth cations
and magnetic M?* ions. The magnetic structure of NaLaMnWOsg is collinear with a propagation
vector of k = (%, 0, ¥2) [6]. In the case of NaNdMnWOs, the Nd and Mn moments order with
incommensurate k-vector = (0, 0.48, %2) and magnitude of moment size vary sinusoidally along
the b-direction [6]. Further, NaLnFeWOs (Ln = Nd, Pr) shows a commensurate propagation
vector k = (*2, 0, %) and a collinear magnetic structure with both the magnetic ion moments
along the b-axis [5]. The magnetic structure of NaTbMnWOs, determined at 11 K, shows two
propagation vectors ki = (¥, 0, ¥2) and k2 = (0, 0.427, %), which became a single k structure

at lower temperature with the ki propagation vector [6].

In the previous chapter, a series of compounds, NaLnNiWOs (Ln =Y, Dy-Lu), was
shown to exhibit multiferroic properties below the antiferromagnetic order of Ni?* ions (Tn ~
18 to 23 K) [7]. Given the multiferroic properties shown by the doubly ordered perovskites, we
have extended the studies on doubly ordered perovskites with larger size rare-earth cations
NaLnNiWOs (Ln = La, Pr, Nd, Sm, Eu, Gd, and Tb). Neutron powder diffraction (NPD) data
on NaLaNiWOe and powder X-ray diffraction (PXRD) data on all other compounds viz. (Pr,
Nd, Sm, Eu, Gd, and Tbh) are fitted with the monoclinic P2; space group. The non-
centrosymmetric nature of NaLnNiWOe (Ln = La, Sm, Eu, Gd, and Thb) is confirmed by second
harmonic generation studies. All these compounds exhibit antiferromagnetic ordering of Ni?*
ions between 23-30 K. The magnetic structure of NaLaNiWOs is collinear with a propagation
vector of k = (¥, 0, ¥2). NaLnNiWOe (Ln = La, Pr, and Nd) show a small change in dielectric
value. In contrast, other compounds exhibited a sharp dielectric anomaly at the magnetic
ordering temperature but without measurable change in electric polarization. This could be due

to very small polarization that cannot be measured within the instrument’s resolution limit.
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4.2 Experimental section

All the compounds NaLnNiWOe (Ln = La, Pr, Nd, Sm, Eu, Gd, and Th) were
synthesized at 4.5 GPa and 1000 °C using a cubic-anvil type high pressure apparatus as depicted
in the previous chapter. The starting materials Ln2Oz (preheated at 950 °C), Na;WO4-2H20
(preheated at 150 °C), NiO, and WOs were used to synthesize the required compounds. PreO11
and ThsO7 were reduced by 5% H2/95% Ar flux at 1000 °C for 12 h to obtain Pr.Os and Tb20s.
Powder X-ray diffraction data were collected using a monochromatic PANalytical Empyrean
alpha-1 diffractometer, and Rietveld refinements were carried out using the FullProf suite
program for all the compounds [8]. Time-of-flight neutron diffraction data were collected in
the temperature range of 1.5 - 100 K for NaLaNiWOQOe using the high-resolution WISH
diffractometer at the ISIS pulsed neutron and muon facility (Rutherford Appleton Laboratory
UK) [9]. Rietveld refinement of neutron data was carried out using the JANAZ2006
program [10]. Online-based ISOTROPY and ISODISTORT software were used to perform
group-theoretical analysis. Similar physical property characterization was performed on these

compounds, as mentioned in the previous chapter.

4.3 Results and discussion

4.3.1 Structural analysis

Powder X-ray diffraction was performed to characterize the crystal structure of these
compounds. Various superstructural peaks, indexed for the simple cubic perovskite (with a, =
3.8 A), appear in the diffraction pattern. The reflections (0 0 %), (1 0 %) indicate the layered
ordering of A-site cations, whereas the strong reflections (%2 %2 %2) and (1 %2 %2) indicate the
rock-salt ordering of the B-site cations. When both the A-site and B-site cations exhibit
combined layer and rock-salt ordering, symmetry reduces from cubic (Pm3m) to tetragonal
(P4/nmm) with the unit cell parameters \2ap*V2ap*2ap. The P4/nmm space group accounts for
most of the superstructural peaks observed in the X-ray diffraction data, but some reflections
remain unindexed and relate to octahedral tilting distortions.

Knapp et al. have predicted all possible lower symmetry space groups by considering the
layered ordering of A-site and rock-salt ordering of B-site cations accompanied by the BOs/B'Os
octahedral tiltings [11]. Space groups P2:/m and P2; are deduced via the out-of-phase
octahedral tilting along the a- and b-direction represented as a~a~c® in Glazer notation and by

the in-phase tilting (a”a"c*) along the c-axis [12]. Additional in-phase rotation of the
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octahedra along the c-axis breaks the inversion center and allows the symmetry to lower to the
P2; space group. Since only La compound is characterized by neutron diffraction, SHG
measurements are performed to verify whether the compounds are centrosymmetric or not. The
compounds La, Sm, Eu, and Gd showed SHG activity with laser intensities, 0.52, 0.65, 0.58,
and 0.48 times of a-SiO», supporting the polar space group P2;.

However, we have analyzed the PXRD pattern of these compounds using both P2:/m
and P2 space groups. Because of the same extinction conditions of P2; and P2:/m, these can
only be differentiated by considering the peak intensities. PXRD patterns showed a higher
degree of peak splitting with increasing octahedral distortion, which is in accordance with the
decreasing tolerance factor with respect to the lanthanide contraction. Diffraction peak
intensities of the Pr, Nd, Sm, Eu, Gd, and Th compounds were better fitted with a P2; space
group. Rietveld refinement revealed a slight disorder of A-site cations and complete ordering
of B-site cations owing to the large difference in cationic charges (differing by four) at the B-
site, whereas at the A-site is differing by two. This difference in the valence states favors the
cation ordering due to the minimization of the electrostatic energy. In particular, rock-salt
ordering of the B-site cations keeps the highly charged cations far apart and thereby helps for
the complete ordering in AA'BB’'Os perovskite. A plot of unit cell parameters as a function of
the radius of eight coordinated Ln®" ions [13] is shown in Figure 4.1, where the a and ¢
parameters decrease while the b parameter almost remains unchanged and the volume

decreases steadily with the decreasing size of the Ln®* cations.
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Figure 4.1 Unit cell parameters and volume per formula unit of NaLnNiWOe plotted as a
function of the radius of eight coordinated Ln®" ions.
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4.3.2 Results on NaLaNiWOs

4.3.2.1 Crystal structure

NaLaNiWOs was first reported by Arillo et al. by a sol-gel synthesis procedure.
Although we could synthesize at ambient pressure, the impurities were relatively high. The
observed impurities were La,WOsg, and Na2WO4 which have more preferences for formation
than the expected perovskite phase at ambient pressure. This is related to the requirement of a
higher coordination number for alkali and tungsten cations in the perovskite phase compared
to the NaWOQ4 phase, which can be achieved using a high pressure synthesis route. Rietveld
refinement of room temperature PXRD data with the P2 space group is shown in Figure A-
2.4.1, and the structural parameters are listed in Table A-2.4.1. A minute amount of impurity
phases viz. La2WOe (~0.5%), NiO (~1%), and Na2WOQO4-2H20 (~1%) were identified, and their

corresponding weight percentages were derived from Rietveld refinement analysis [14].

Obs. 40K

—Cal.

—— Obs.-Cal.
I NaLaNiWOq4
I La,WOq4

NiO
I Na,WO,-2H,0 3

Intensity (a.u.)

| O N | G

MMMMWJMMHHL N[ O 5 P D ,\l | i

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
d(A)

Figure 4.2 Rietveld fit of neutron diffraction data at 40 K, from the high-resolution WISH bank
with an average 20 = 152.8°, and the inset shows the crystal structure of NaLaNiWOe.

The refined NPD pattern of NaLaNiWOs at 40 K with the P2; space group is shown in
Figure 4.2, and the corresponding structural parameters are tabulated in Table 4.1. The crystal

structure of NaLaNiWOs, showing rock-salt ordering on the B-site and layered ordering on the
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A-site, is shown in the inset of Figure 4.2. The various bond lengths in Ni(W)Oe octahedra
obtained from the refinements are given in Table 4.2. The octahedra tilting is out-of-phase
along the a- and b-axes and in-phase along the c-axis resulting in all Ni-O-W bond angles less
than 180° as listed in Table 4.2.

Table 4.1 Crystallographic parameters of NaLaNiWOQOs from the refinement of NPD data
collected at 40 K.

Atom \Q%?Eg:]f y z Uiso(A2) Occ.
Nal 2a 0.2264(5)  0.2256 0.0126(8) 0.0241(1) 0.7938(4)
La2 2a 0.2264(5)  0.2256 0.0126(8) 0.0241(1)  0.2062(4)
Lal 2a 0.2522(9) 0.2643(2) 0.4948(2) 0.0148(1) 0.7938(4)
Na2 2a 0.2522(9) 0.2643(2) 0.4948(2) 0.0148(1) 0.2062(4)

Ni 2a 0.7567(2) 0.24961  0.2418(3) 0.0158(1) 1.0
W 2a 0.7735(6) 0.24824  0.7569(8)  0.0042(1) 1.0
o1 2a 05460(2) 0.5073(5) 0.7194(2)  0.0106(2) 1.0
02 2a 0.5390(3) 0.5371(6) 0.2583(3)  0.0367(1) 1.0
03 2a 0.0572(3)  0.0232(8)  0.2149(3)  0.0061(2) 1.0
04 2a 0.0460(4)  0.0494(6) 0.7367(4)  0.0432(1) 1.0
05 2a 0.8190(3) 0.2714(6)  0.5149(4)  0.0215(2) 1.0
06 2a 0.6688(3)  0.2502(7) -0.0169(3)  0.0405(1) 1.0

Space group: P21; a = 5.5054(2) A, b = 5.5076(2) A, ¢ = 7.8275(1) A, g = 90.094(5)°. Vol.:
237.35(1) A% GOF = 2.47, Ry = 1.21 (%), Rup = 1.58 (%).

Table 4.2 Selected bond lengths and angles for NaLaNiWOe at 40 K.

Atom 01 02 03 04 05 06
Ni (A) 2.083(3) 2.058(2) 2.091(4) 2.006(3) 2.036(4)  2.152(3)
W (A) 2.076(3) 2.060(3) 1.826(5) 1.822(3) 1.795(5)  2.050(5)
Ni-O-W (deg)  153.4(2) 157.2(1) 147.7(2) 156.9(1) 162.3(1)  149.6(9)

4.3.2.2 Magnetic measurements

Temperature-dependent dc magnetic susceptibility measured under zero-field-cooled
(ZFC) and field-cooled (FC) conditions with an applied magnetic field of 100 Oe and heat
capacity data (Cp) reveal antiferromagnetic ordering around 30 K, as depicted in Figure 4.3(a).
At low temperatures, ZFC and FC curves diverged around 5 K, wherein the ZFC curve exhibits
a peak. The observed peak in the ZFC curve at 5 K and the irreversibility between ZFC and FC
curves may be due to the presence of NiO particles as an impurity phase [15]. Isothermal
magnetization curves vs. the magnetic field at various temperatures exhibit linear behavior, as

shown in Figure 4.3(b), consistent with antiferromagnetic order.
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Figure 4.3 (a) Temperature-dependent magnetization of NaLaNiWOs measured with a
magnetic field of 100 Oe and Cp data as a function of temperature. (b) Magnetic-field
dependent magnetization M(H) at different isothermal temperatures.

The linear fitting of inverse molar susceptibility (1/ym) vs. temperature at high
temperature follows the Curie-Weiss law as depicted in Figure 4.4. The obtained value of
effective magnetic moment (Wt = 3.43 ps/f.u) of Ni?* is slightly higher than the free-ion value
(2.83 pB) but comparable to the generally observed magnetic moment for Ni?* ion (3.2 pg) in
other compounds [16]. Also, the Curie-Weiss fitting was performed by subtracting the
experimental NiO magnetization considering the 1% NiO impurity phase obtained during
Rietveld refinement of NaLaNiWOs, but the effective magnetic moment is almost the same.
Hence, the higher value of the experimental magnetic moment may indicate an orbital
contribution. The Curie-Weiss temperature was found to be -40 K, which is consistent with the

antiferromagnetic interaction of Ni* ions.
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Figure 4.4 Linear Curie-Weiss fit was performed on the inverse susceptibility (1/ym) vs.
temperature (T) plot.
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4.3.2.3 Magnetic structure

The NPD data were collected to determine the magnetic structure of NaLaNiWOs,
considering that the neutron absorption cross-section of La®" is relatively small compared to
other rare-earth cations. Long scan data were collected at 40 and 1.5 K to determine the
paramagnetic structure and magnetic ground state. The new magnetic satellites observed below
Tn, as in Figure 4.5, can be indexed with the propagation vector (% 0 %). The Rietveld fit of
NPD data at 1.5 K using the JANA2006 program is depicted in Figure 4.5. The magnetic space
group was determined by performing group-theoretical calculations with the help of the
ISODISTORT program [17]. The magnetic space group B[a]2: described in the unit cell (2a
b 2c) obtained by the action of the mA2 irreducible representation is in excellent agreement
with the observed data. Various combinations of magnetic moments have been tried, but the
better fit was achieved when we refined the moment values along the a- and c-axes.

1.5 K n u
. »
o &

b& e @

Intensity (a.u.)

5 6
d(A)

Figure 4.5 Rietveld refinement pattern of NaLaNiWOe for neutron powder diffraction data
collected on WISH at 20 = 58.3° and 1.5 K. The experimental data, fit, and difference are
presented in red, black, and blue color. Olive green and violet tick marks indicate the Bragg
reflections for nuclear and magnetic structures of NaLaNiWOs. Intense magnetic reflections
are indicated by the asterisks. Wine, orange, and magenta tick marks indicate the Bragg
reflections for La2WOe, NiO, and Na,WOQO4-2H>0 impurity phases. Inset: magnetic structure of
NaLaNiWOs with the magnetic moments plotted on the Ni atom.
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The magnetic spin structure at 1.5 K exhibits a collinear structure, as shown in the inset of
Figure 4.5. The magnetic structure has moment components of My = 1.29(1) ug and M; = -

0.5(1) pe, with a total magnetic moment of 1.38(2) us at 1.5 K.

4.3.2.4 Dielectric studies

The temperature dependence of the dielectric constant is measured to examine possible
magnetoelectric coupling around the magnetic ordering temperature. Dielectric data at 50 kHz
under applied fields in the range 0 - 8 T for NaLaNiWOs are given in Figure 4.6(a) and at
different frequencies and zero field, in the temperature range 2 - 60 K, are shown in Figure
4.6(b). A small change in dielectric value around the magnetic ordering temperature is seen in
Figure 4.6. Although the structure is polar, pyroelectric, and dc-bias current measurements did
not show an anomaly indicating the absence of spin-induced change in polarization or the
induced polarization is too small to be detected within the limit of our measurement. Our
attempt to measure the P-E loop above the magnetic ordering temperature did not indicate
ferroelectricity, although the paramagnetic structure is polar, indicating that this compound

may remain pyroelectric.
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Figure 4.6 (a) Temperature and field-dependent dielectric constant &(T) at 50 kHz. (b)
Temperature- frequency-dependent dielectric constant.

4.3.3 Results on NaLnNiWOe (Ln = Pr, Nd, Sm, Eu, Gd, and Tb)

4.3.3.1 Crystal structure

All these compounds were characterized using powder x-ray diffraction at room

temperature (RT), and they are well fitted with the P2; space group. The intensity of reflections
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(00%) and (1 0%%), corresponding to the A-site layer ordering, were fitted better if we consider
a certain degree of disorder in the A-site for all compounds. Results of Rietveld refinement and
the corresponding structural details are given in appendix-2 (Figure A-2.4.2 to A-2.4.7 and
Table A-2.4.2to A-2.4.7).

Table 4.3 Lattice parameters obtained from Rietveld refinement of PXRD data of NaLnNiWOs
(Ln =La, Pr, Nd, Sm, Eu, Gd, and Tbh) at room temperature.

Compound a (A) b (A) c (A) 5 (°) V (A%
NaLaNiWOs  55158(8)  55151(8)  7.8372(2)  90.12(1)  238.41(5)
NaPrNiWOs  5.4818(4)  5.4849(4)  7.8134(2)  90.110(3)  234.92(2)
NaNdNiWOs  54599(1)  54814(1)  7.8131(1)  90.164(2)  233.83(2)
NaSmNiWOs  5.4131(1)  54788(1)  7.7990(2)  90.25(1)  231.29(1)
NaEuNiWOs  5.3957(1)  5.4855(1)  7.7931(1)  90.261(2)  230.66(1)
NaGANiWOs  5.3761(1)  5.4868(1)  7.7815(1)  90.248(2)  229.54(1)
NaTbNiWOs  5.3596(0)  5.4892(0)  7.7729(1)  90.258(2)  228.67(3)

Table 4.4 Selected bond lengths (Angstroms) and bond angles (Degrees) obtained from
Rietveld refinement of PXRD data of NaLnNiWOe (Ln = La, Pr, Nd, Sm, Eu, Gd, and Thb).

La Pr Nd Sm Eu Gd Th
Ni-O(1) 2.1(1) 2.03(6) 1.86(4) 1.85(6) 1.80(3) 1.85(4) 1.94(3)
Ni-O(2) 2.1(2) 2.04(7) 1.85(4) 1.78(5) 1.92(3) 1.92(4) 1.95(3)
Ni-O(3) 2.0(1) 2.00(8) 1.88(4) 2.26(3) 1.99(2) 1.89(3) 1.95(3)
Ni-O(4) 1.68(8) 1.71(4) 1.94(4) 1.85(4) 1.98(2) 2.03(3) 1.99(3)
Ni-O(5) 1.85(3) 1.99(2) 1.99(2) 2.01(2) 2.0(2) 1.87(2) 2.01(2)
Ni-O(6) 1.96(3) 1.92(2) 1.83(2) 1.89(2) 1.94(2) 2.02(2) 1.95(2)

W-0(1)  1.8(1) 2.06(6) 2.10(4) 2.07(6) 2.16(3) 2.14(4) 2.10(2)
W-0(2)  1.8(2) 1.84(7) 2.08(4) 2.10(5) 2.04(3) 2.01(4) 2.08(2)
W-0(3)  2.0(1) 1.89(7) 1.99(4) 1.77(3) 1.87(2) 198(3) 1.95(2)
W-0(4)  2.25(8) 2.42(3) 227(3) 2.18(4) 1.95(22) 1.83(3) 1.98(2)
W-0()  2.20(2) 2.22(2) 221(2) 218(2) 2.20(2) 2.33(2) 2.21(2)
W-0(6)  1.90(3) 1.83(2) 200(2) 1.90(2) 1.88(2) 2.04(2) 1.87(2)

Ni-O()-W  163(7) 143(2) 157(3)  160(6)  155(3) 152(4)  149(1)
Ni-O@-W  156(8) 173(3) 162(3)  168(6)  155(3) 161(4)  148(1)
Ni-O@)-W  155(5)  173(3) 171(3)  145(2)  165(1) 159(2)  155(1)
Ni-O(4)-W  170(4) 140(2) 133(2)  144(3)  153(2) 161(3)  146(2)
Ni-OGB)-W  168(3)  155(4)  154(2)  155(1)  156(1)  155(1)  149(1)
Ni-O6)-W  160(4)  163(4) 152(2)  156(2)  150(1)  130(1)  152(1)

Rietveld refinements were carried out using laboratory XRD data, and the obtained Biso values
are high for Na but comparable to that obtained for NaLaNiWOg using neutron diffraction data.

The refinement of occupancies also resulted in reasonable values. However, better thermal
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parameters and occupancies require neutron diffraction data. Impurities present in each sample
have been included in the Rietveld refinement, and the corresponding weight percentage is
obtained by refining the scale factor of each phase (Table A-2.4.8). A decrease in unit cell
parameters with the decreasing size of rare-earth cations is observed, as tabulated in Table 4.3.
The selected bond lengths and bond angles are listed in Table 4.4. Bond angles of Ni-O-W are
found to be less than 180°, indicating tilted octahedra. Further, bond angles decreased with the
decreasing size of rare-earth cations suggesting a higher degree of octahedral tilting than La-

compound.
4.3.3.2 Magnetic measurements

Temperature-dependent dc magnetization measured under ZFC and FC conditions with
100 Oe for NaLnNiWOe (Ln = Pr, Nd, Sm, Eu, Gd, and Tb) compounds are shown in Figure
4.7. These compounds exhibit antiferromagnetic transition around Ty = 30 K for Pr and Nd, 27
for Sm, 26 for Eu, 24 for Gd, and 23 K for Tb as determined from heat capacity data as shown
in Figures 4.7(a-f). The inset of Figures 4.7(a and b), for the Pr and Nd compounds, shows the
dM/dT at 100 Oe underlying the magnetic transition around 30 K. The anomaly in the heat
capacity of the Pr and Nd compounds confirmed the magnetic transition. A broad peak around
6 K in the ZFC curve of Sm-compound may be due to the NiO impurity phase [15]. In the case
of Eu-compound, the ZFC and FC curves exhibit ascending behavior because of the
paramagnetic contribution of Eu®" ion. Since magnetization is inductive measurement and
because of the larger paramagnetic contributions of Gd®* and Tb®* over Ni>* moments, the
magnetization of the compounds containing Gd and Tb ions did not display any signature of
magnetic ordering for Ni%* cation, whereas the anomaly in the heat capacity corresponds to the
change in magnetic entropy associated with the long-range magnetic ordering. Thus, the Ty of
Ni2* cation was determined by the maximum slope on the heat capacity curves, as shown in
Figures 4.7(e and f). An anomaly observed in Figure 4.7(f) for NaTbNiWOs in both the
magnetic and heat capacity data at a lower temperature can be ascribed to the ordering of Th**
cations. The Th®* sublattice might have ordered partially below TR because of the polarizing
effect of the ordered Ni?* sublattice as in NaTbMnWOsg, but further neutron studies are required

to confirm [6].

The linear fit to the temperature-dependent inverse molar susceptibility (1/ym) data for
Pr, Nd, Gd, and Th compounds are shown in Figure 4.8(a-d). The effective Bohr magnetons
obtained for Pr, Gd, and Th samples are 5.01, 8.52, and 10.63 ps/f.u., respectively, which are
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in good agreement with the calculated magnetic moments 4.56, 8.43, and 10.12 pg/f.u. The
experimentally obtained magnetic moment for the Nd compound is 6.1 ps/f.u., which is higher
than the calculated value of 4.6 pg/f.u. This may be due to the unidentified magnetic impurity
present in the compound.
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Figure 4.7 (a-f) ZFC and FC of Na(Pr, Nd, Sm, Eu, Gd, and Tb)NiWQOs compounds as a
function of temperature measured with a magnetic field of 100 Oe, Cp data as a function of
temperature, and dM/dT in the inset of Figures (a and b).

The negative sign of the Curie-Weiss temperature indicates the antiferromagnetic
interaction of Ni?* ions, as tabulated in Table 4.5. A linear fit was not performed for
NaSmNiWOs and NaEuNiWOes compounds, as these compounds do not follow Curie-Weiss
behavior [18,19]. These compounds show Van Vleck paramagnetic behavior. In the case of

Sm®* and Eu®" ions, the ground state's energy gap and first excited states are almost equal to
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the thermal energy at room temperature. This causes the low-lying excited states to be
populated at room temperature. The Sm3* ion ground state has a moment of about 0.84 g, but
generally, it has a moment of 1.5 pg at room temperature because of the thermal population of
the first excited state. Although the ground state of the Eu®* cation is nonmagnetic, it is found

to possess a magnetic moment of 3.4 g due to the thermal population of the first two excited

states at room temperature [20,21].
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Figure 4.8 Linear Curie-Weiss fits were performed on the inverse susceptibility (1/ym) vs.

temperature (T) plots.

Table 4.5 Weiss constant, perr (experimental), and pes (calculated/reference value) derived
from the magnetization data measured under FC condition, Tn (K) for Ni?* ion determined from

heat capacity data (Cp).

Compound 0 (K) Heff (11B) Lef (us) ref Tn

name K

NaLaNiWOs -40 3.4 2.83 30
NaPrNiWOs -50.7 5.01 4.56 30
NaSmNiWOs 26
NaEuNiWOs 24
NaNdNiWOg -119.9 6.1 4.6 30
NaGdNiWOs -1.3 8.52 8.43 24
NaTbNiWOs -8.3 10.63 10.12 23
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The isothermal magnetization curves measured at different temperatures are shown in
Figure 4.9. In Na(Pr, Sm, Eu)NiWOes, the linear behavior of M vs. H is observed, which is
expected for antiferromagnetic order. Whereas in Na(Nd, Gd, Tb)NiWOe, a non-linear
behavior was observed at lower temperatures because of the ordering of the rare-earth magnetic
ions with the applied fields. The M vs. H curves at low temperatures exhibit metamagnetic
transition associated with the Nd**, Gd**, and Tb®* ions as depicted in the inset of Figures 4.9
(b, e, and ).
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Figure 4.9 (a-f) Magnetic field-dependent magnetization at different temperatures and dM/dH
in the inset of Figures (b, e, and f).
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4.3.3.3 Dielectric studies

Temperature-dependent dielectric studies were carried out to validate the possibility of
magnetoelectric coupling of these compounds around Tn. The compounds Na(Pr, Nd)NiWOQOg
show a small change in dielectric value, and other compounds exhibit sharp anomaly around
magnetic ordering temperature measured at different fields under 50 kHz, as shown in Figure
4.10. In NaGdNiWOes, observation of little variation in dielectric value at lower temperatures
corresponding to the short-range ordering of Gd®* ions. The temperature-dependent dielectric
constant values exhibit anomaly and slight variations under different frequencies around Tn, as
shown in Figure 4.11. The appearance of the dielectric peak at magnetic ordering temperature

has confirmed the magnetodielectric coupling of these compounds.
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Figure 4.10 (a-f) Temperature-dependent dielectric constant was measured at different
magnetic fields under 50 kHz.
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Further, pyroelectric current and dc-bias measurements have been carried out to investigate
the ferroelectric properties of these compounds. However, no anomaly in the temperature
dependent pyroelectric current and dc-bias current measurements was observed. Experimental
investigation on other compounds, NaLnMnWOs (Ln = La, Nd, and Th) and NaLnFeWOg (Ln
= La, Nd), showed the absence of ferroelectricity [3,5]. The compounds with smaller-sized
rare-earth cations have larger distortions compared to that of compounds with higher-sized
rare-earth cations, exhibit an appreciable change in polarization at magnetic ordering
temperature. Despite having a polar structure, the change in polarization was not observed in
the case of higher-sized rare-earth compounds. Hence, the octahedral distortions play a crucial
role in electric polarization. Further studies are required to understand the importance of the

size of rare-earth cations in these compounds.
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Figure 4.11 Dielectric constant (&r) vs. temperature (T) data measured at different frequencies.

However, we have estimated the polarization from structural details using the equation,

P = Xigidzi/V, where ¢ is the nominal charge of each ion, 6z is the atomic displacement along
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the y-axis, and V is the unit cell volume [22]. The polarization obtained is the contribution of
all the ions in the unit cell. The polarization estimated from the neutron data for NaLaNiWOs
is ~ 23 uClcm?. This value is in good agreement with the earlier calculated ferroelectric
polarization for doubly ordered perovskites NaLaMnWOe, NaPrFeWOQOs, and
NaSmFeWOs [23,24]. Since the polarization calculation involves atomic displacements, it is
better to use structural details from neutron data. We have calculated the polarization from
PXRD structural details for the other compounds (Pr, Nd, Sm, and Eu-Tb). The obtained
polarization values are around 30 xC/cm?, which is slightly high compared to the values
determined from NPD data. Polarization values for each compound calculated from PXRD

data are given in Table 4.6.

Table 4.6 Spontaneous polarization estimated from room temperature PXRD data.

Compound Polarization (uC/cm?)
NaPrNiWwOs 28
NaNdNiWOg 31
NaSmNiWOs 32
NaEuNiWOse 32
NaGdNiWOs 29
NaTbNiWOse 30

4.4 Conclusion

High pressure and high temperature synthesis conditions were used to stabilize the
structure of doubly ordered perovskites NaLnNiWOQOs (Ln = La, Pr, Nd, Sm, Eu, Gd, and Th).
These compounds crystallize in a polar perovskite structure with space group P2: and exhibit
combined layered ordering of A-cations and rock-salt ordering of B-cations. SHG studies
confirmed the non-centrosymmetric behavior of NaLnNiWQOs. These compounds order
antiferromagnetically in the temperature range 21 — 30 K and exhibit magnetodielectric
behavior. NaLaNiWOs shows a collinear spin arrangement at 1.5 K with the propagation vector
k = (%, 0, ¥%2). The ferroelectric polarization estimated from the neutron data for NaLaNiWOe
is P ~ 23 uC/cm?, which is comparable with earlier reported values for similar compounds.
Unlike the smaller rare-earth compounds, NaRNiWOe (R=Y, Dy-Lu), these compounds do not
show any change in polarization at the magnetic ordering temperature despite the presence of
a dielectric anomaly. The absence of polarization change may be due to a smaller octahedral

distortion than the compounds with smaller size rare-earth cations.
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Switchable, nonswitchable polarization in
NaLnCoWO¢ (Ln =Y, Er, Tm, Yb, and Lu),
NaLuMnWOs, and magnetodielectric properties of
NalLnFeWOQO¢ (Ln =Y, Ho)*

Summary

This chapter deals with the structural, magnetic and multiferroic properties of NaLnCoWOs
(Ln =Y, Er, Tm, Yb, and Lu), NaLUuMnWOs, as well as magnetic and dielectric properties of
NaLnFeWOs (Ln =Y, Ho). These compounds are isostructural to Ni compounds. A clear long-
range antiferromagnetic ordering (Tn ~ 6-8 K) is observed for NaLnCoWOe (Ln =Y, Er, Tm,
Yb, and Lu) and NaLuMnWOs, which is accompanied by the dielectric anomaly. A
nonswitchable polarization is realized below Ty for NaLnCoWOs (Ln =Y, Er, Tm, and Yb)
and NaLuMnWOe. In contrast, the polarization is switchable in NaLuCoWOsg by changing the
direction of the electric field (E), indicating the ferroelectric nature of this compound. Neutron
powder diffraction studies revealed a collinear antiferromagnetic structure for NaYCoWOs
with the propagation vector k = (Y2, 0, %2). All these compounds exhibit magnetoelectric
coupling below magnetic ordering temperature (Tn). Magnetic, heat capacity and dielectric
measurements of NaYFeWOs and NaHoFeWOg signified antiferromagnetic ordering (Tn) is
coupled with the dielectric peak. Miserably, the pyroelectric current anomalies for NaYFeWOs

and NaHoFeWOg are overshadowed by leakage currents.
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5.1 Introduction

The magnetoelectric coupling is realized below the magnetic ordering temperature of
polar oxides M2Mo3Og (M = Mn, Fe, Co, and Ni), CaBaCo04O7, GaFeOs, NizTeOs,
DyFeWOs [1-7]. In these materials, the inversion symmetry is absent at all temperatures, and
the presence of magnetic cation often undergoes long-range magnetic ordering. Thus, fulfilling
the imperative conditions of the simultaneous breaking of spatial inversion and time-reversal
symmetry for multiferroicity. Consequently, polar oxides usually show magnetoelectric
coupling below the magnetic ordering temperature. Generally, in some of the polar oxides, the
monodomain formation eliminates the need for electric field poling. Hence, exploring more
polar oxides for the multiferroic property is promising for technological applications. In the
previous chapter, a series of compounds, NaLnNiWOe (Ln =Y, Dy-Lu), was shown to exhibit
switchable polarization below the antiferromagnetic order of Ni?* ions (Tn ~ 18 to 23 K) [8].
Further studies on NaLnNiWOs (Ln = La, Pr, Nd, Sm-Tb) with larger size rare-earth cations

indicate that these compounds are only magnetodielectric.

In this chapter, we have extended the studies on doubly ordered perovskites with other
transition metal cations (Co, Mn, and Fe) and smaller size rare-earth cations. We have studied
the magnetic and electrical properties of NaLnCoWOe (Ln =Y, Er, Tm, Yb, and Lu) and
NaLuMnWOs. Amidst these, the structural and magnetic properties of NaLnCoWQeg (Ln =Y,
Er, and Yb) are already reported, but the electrical properties are unknown [9,10]. These
compounds are prepared under high pressure (4.5 GPa) and high temperature (1000 °C). Room
temperature powder X-ray diffraction (PXRD) studies confirmed that all the aforementioned
compounds crystallize in a polar structure (P21). Temperature dependent dc magnetization and
heat capacity measurements confirmed the existence of long-range antiferromagnetic ordering
in the temperature range of 6-8 K for Co?* and Mn?* ions. The polarization was observed below
the Tn without applying a poling electric field in the case of NaLnCoWOe (Ln =Y, Er, Tm,
and Yb), and it was not switchable when the polarity of the electric field (E) was reversed.
Interestingly, the observed polarization under electric field (E) for NaLuCoWOs was

switchable and required a poling electric field.

Further, we have measured the polarization of NaLuMnWOs to understand the
influence of the size of rare-earth cations for switching polarization. The observed polarization
was similar to other cobalt compounds. These results demonstrate a magnetoelectric coupling
of doubly ordered perovskites below magnetic ordering temperature. Neutron powder
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diffraction (NPD) has been carried out to determine the magnetic structure of NaYCoWOe. It
is observed that the magnetic structure of NaYCoWOe is collinear with k = (¥, 0, %). In
addition, we have studied NaLnFeWOs (Ln = Y, Ho) doubly ordered perovskites.
Antiferromagnetic transition is observed around 13 K for Y and 15 K for Ho compounds
corresponding to the ordering of Fe3* ions. Dielectric anomaly exhibits at magnetic ordering
temperature (Tn) confirmed the magnetodielectric behavior of these compounds. Further, the
pyroelectric current anomaly is dominated by the leakage currents; because of that, we could
not probe the ferroelectricity of NaYFeWOs and NaHoFeWOg compounds.

5.2 Experimental details

The polycrystalline NaLnCoWOes (Ln = Y, Er, Tm, Yb, and Lu), NaLUMnWOQs,
NaLnFeWOs (Ln =Y, Ho) samples were synthesized by applying 4.5 GPa pressure and at 1000
°C using a cubic anvil press as mentioned in chapter 3. Stochiometric amounts of Ln,Os
(preheated at 950 °C), Na2WO4-2H20 (preheated at 150°C), MO (M = Co, Mn), Fe powder, and
WOs3 were used to synthesize the targeted samples. KCIO3 was used to provide stoichiometric
oxygens for Fe compounds. Structural, magnetic, and electrical characterizations were carried

out as mentioned in the previous chapters.

5.3 Results and discussion
5.3.1 Results on NaYCoWOs

5.3.1.1 Crystal structure

Crystallographic characterization of NaYCoWOs is carried out by using the powder
neutron diffraction (PND) data collected at 15 K. The pattern is successfully indexed based on
P21 unit cell V2a0*\2a0*2a0 (ap = 3.8 A, for ideal cubic perovskite) and the Rietveld fit for
NPD data is shown in Figure 5.1. Since room temperature structure is already reported, here
we have given details from neutron data at 15 K (Table 5.1). The SOJT distortion of the W®*
cation is clear by checking the different W-O bond lengths. Where, W®* cation tends to move
towards the Na-layer by having a shorter W-O(6) bond length compared to W-O(5) (see Table
5.2). The different bond lengths of WOe octahedra helps to release the strain and hence,
stabilize the double-double ordering of the cations in these compounds. Further, the

examination of the M-O-W bond angles (Table 5.2) indicates the octahedra are tilted.

116



Chapter 5

Intensity (a.u.)

L 15K

o QObs.
Calc.
l —— Obs.-

Calc.

|| NaYCoWOQq,
I Y,WOq
I Na,WO0,-2H,0

1.0

25
d (A)

3.0

3.5

Figure 5.1 Rietveld refined NPD data of NaYCoWOs recorded on WISH at 26 = 152.8° and

15 K.

Table 5.1 Crystallographic parameters of NaYCoWOs from the refinement of NPD data
collected at 15 K.

Wyckoff

2
Atom position X y z Uiso(A2) Occ.
Na 2a 0.2543(1) 0216  0.0073(1)  0.023(2) 1.0
Y 2a 0.2671(6) 0.3156(7)  0.5016(6) 0.0109(8) 1.0
Co 2a 0.753(2)  0.274(3)  0.2500(2)  0.005(2) 1.0
W 2a 0.7683(1)  0.250  0.7617(9) 0.0055(1) 1.0
01 2a 0.5603(1) 0.5358(1) 0.6882(7)  0.0084(2) 1.0
02 2a 0.5353(1) 0.5608(1) 0.3155(7) 0.0154(2) 1.0
03 2a L0.0556(9) -0.0680(1) 0.2182(7)  0.0071(1) 1.0
04 2a 0.0796(1) -0.0460(1) 0.7868(7)  0.0095(2) 1.0
05 2a 0.8561(7) 0.2200(1) 0.5073(5)  0.0066(1) 1.0
06 2a 0.6681(6) 0.2868(1)  -0.0068  0.0113(1) 1.0

Space group: P21; a = 5.3371(1) A, b = 5.5197(1) A, ¢ = 7.7702(1) A, S = 90.265(1)°. Vol.:
228.9(1)A3% GOF = 2.21, Ry = 1.65 (%), Rwp = 2.01 (%).

Table 5.2 Selected bond lengths and angles for NaYCoWOs at 15 K.

Atom 01 02 03 04 05 06
Co (A) 2.182(2) 2.030(1) 2.161(2) 1.999(1) 2.092(1)  2.028(7)
W (A) 1.989(6) 1.973(6) 1.882(6) 1.866(7) 2.031(7)  1.875(7)
Co-O-W (deg) 145.63(4) 141.61(4) 149.86(4) 143.06(5) 147.06(4) 150.80(4)

117



Chapter 5

5.3.1.2 Magnetic and electrical studies

Figure 5.2 (a) shows the temperature dependence of the magnetization collected under
a field of 1000 Oe in zero-field-cooled (ZFC) and field-cooled (FC) conditions for
NaYCoWOe, which orders antiferromagnetically around 7 K [10]. Isothermal magnetization
as a function of the magnetic field for NaYCoWOe showed slight non-linearity at a lower
temperature (2 K) which could be because of the spin reorientation with the field (Figure 5.2

(b)).
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Figure 5.2 (a) Temperature dependent ZFC/FC magnetization, heat capacity plotted as Cp vs.
T (right axis). (b) Field dependent isothermal magnetization of NaY CoWOe.

Temperature dependent dielectric measurements of NaYCoWOs at 50 kHz under
different magnetic fields and with different frequencies in the temperature range of 2-30 K are
shown in Figures 5.3(a) and (b), respectively. Dielectric anomalies observed at magnetic
ordering temperature shifted to lower temperature with increasing field and are frequency-
independent, as seen in Figure 5.3(b). Since this compound is polar, we have measured the
pyroelectric current over the magnetic ordering temperature. Knowing the nature of this
compound, first, the pyroelectric current was measured without poling and further with electric
field (= 9.4 kV/cm) poling, as shown in Figure 5.3(c). The pyroelectric peak was shifted to a
lower temperature with field 8 T in agreement with dielectric data. Further, the change in
electric polarization (AP) is obtained by integrating the pyrocurrent against time as presented
in Figure 5.3(d), and the polarization (AP) decreases with increasing the magnetic field. The
polarization observed below the magnetic ordering temperature (Tn) without an electric field
poling infers the presence of preferred domain orientation or monodomain orientation in
NaYCoWOs owing to its polar nature. The sign of change in electric polarization remains the
same as that of the zero AP after changing the poling electric field (£ 9.4 kV/cm).
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Figure 5.3 Temperature dependence of (a) dielectric constant with 50 kHz frequency in the
presence of various fields and (b) dielectric constant with different frequencies. (c)
Temperature variation of pyroelectric current lyyro Without and with an electric field (+ 9.4
kV/cm) under 0 and 8 T and (d) time-integrated change in polarization (AP) without and with
an electric field (x 9.4 kVV/cm) under 0 and 8T.

5.3.1.3 Magnetic structure

The neutron powder diffraction studies have been carried out to understand the role of
the magnetic spin structure of NaYCoWOs in the observation of polarization at magnetic
ordering temperature. The observed series of new reflections in NPD data of NaYCoWOs
below Tn were indexed with a k-vector = (%2, 0, ¥%2). The propagation vector was determined
by indexing magnetic peaks using the “k-search program,” which is available in the FullProf
Suite [11]. Group theoretical computation, done with the ISOTROPY software, suggests two
irreducible representations (Irreps): mAl and mA2. Both the models were checked, where mA2
was better fitted to the experimental data and correspond to the magnetic space group B[a]2:.
The Rietveld refinement of NPD data of NaYCoWOs at 1.5 K was performed using JANA
2006 is shown in Figure 5.4. After checking several combinations of magnetic moment
directions, the best fit is achieved when moments were refined along a- and c-axis. The

collinear magnetic structure of NaYCoWOs is presented in the inset of Figure 5.4(a). The
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refined magnetic structure contains moment components of My = -0.29(2) pg and M; = 2.24(1)
Ug with the total magnetic moment of 2.26(2) us for Co?* ions at 1.5 K. The temperature
dependent magnetic moment of Co?* ion (inset Figure 5.4(b)) is fitted with the mean-field
power law, m(T) = mo(1 — T/Tn)? with a critical exponent # = 0.13(1) [12]. Since the magnetic
structure of NaYCoWOe does not induce any additional individual polarization, the observed
AP is attributed to magnetoelastic coupling.

Y #“2:2:
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Figure 5.4 Rietveld refined NPD data recorded on WISH at 26 = 58.3° and 1.5 K. The first-
row tick marks indicate the nuclear Bragg reflections (purple) and magnetic Bragg reflections
(orange). The second-row and third-row tick marks indicate the Bragg reflections for Y>WOQsg
(olive green) and Na,WO42H>O (magenta) impurity phases, respectively. Inset Figure (a)
shows the magnetic structure of NaYCoWOs in the magnetic unit cell with the magnetic

moments plotted on the Co atom. Inset Figure (b) shows the temperature dependent evolution
of Co?* magnetic moment and power-law fit as discussed in the text.

5.3.2 Results on NaLnCoWOs (Ln = Er, Tm, Yb, and Lu) and NaLuMnWOs
5.3.2.1 Crystal structure

Crystal structure studies were carried out by analyzing the PXRD data. The PXRD
patterns are indexed to monoclinic P2; structure similar to previous compounds. It displays a
typical pattern of perovskite structure with (001) and (111) reflections for layer and rock-salt
ordering of these compounds. The Rietveld refinement patterns of NaTmCoWOe,
NaLuCoWOs, and NaLuUMnWOse are shown in Figure 5.5. Since the structural characterization
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of NaErCoWOs and NaYbCoWOs are already reported using synchrotron X-ray diffraction
studies, here the data of these compounds are given in the appendix (Figure A-3.5.1 and A-
3.5.2) [9].
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Figure 5.5 Rietveld refined powder X-ray diffraction data collected at room temperature.
Magenta tick marks indicate the Bragg reflections of the main phase. Purple, orange, olive
green tick marks indicate the Bragg reflections for Ln,WOs (Ln = Tm, Lu), Na2WOQO4-2H>0,
and CoO, respectively.

The preferred orientation along [001] is observed, which was taken care of by grinding
the samples for more time for PXRD and refining the preferred orientation parameter during

the Rietveld refinement. The fit of PXRD data was improved after including a slight disorder
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at A-site cations. The structural parameters of these compounds are given in the appendix
(Table A-3.5.1 to A-3.5.5). The usual impurities Ln;WOs, Na;WO4-2H20, and CoO were
present along with the main phase, and their corresponding weight percentage is given in Table
A-3.5.6. The lattice parameters of all compounds are listed in Table 5.3. The bond lengths are
provided in Table 5.4 indicate highly distorted W(O)s octahedra, where W-O(6) bond length is

shorter than W-O(5), confirming displacement of W®* cation towards Na-layer. The bond

angles M-O-W are less than 180, as given in Table 5.4.

Table 5.3 Lattice parameters obtained from Rietveld refinement of PXRD data of NaLnCoWOs

(Ln =Er, Tm, Yb, and Lu) and NaLuMnWOge at RT.

Compound a (A) b (A) c(A) 5 (°) V (A3
NaErCoWOs  53341(2)  55196(2)  7.8326(2)  90.268(2)  229.13(3)
NaTmCoWOs  5.3217(1)  55137(1)  7.7753(1)  90.272(1)  228.14(2)
NaYbCoWOs  5.311(2) 5.512(3) 7771(3)  90.279(3)  227.44(3)
NaLuCoWOs  5.3022(2)  5.5063(2) 7.768(3) 90.263(4)  226.78(1)
NaLuMnWOs 5.3456(2)  5.5576(3)  7.8744(3)  90.285(3)  233.93(2)

Table 5.4 Selected bond lengths (Angstroms) and angles (Degrees) obtained by Rietveld

refinement of PXRD data of NaLnCoWOs (Ln = Er, Tm, Yb, and Lu) and NaLuMnWOsg

M =Co, Mn  NaErCoWOs NaTmCoWOs NaYbCoWQOs  NaLuCoWOs NaLuMnWOs
M-0(1) 1.99(2) 1.91(3) 1.93(3) 1.84(3) 1.87(2)
M-0(2) 1.93(2) 1.99(3) 2.01(3) 1.88(3) 1.81(2)
M-0O(3) 2.05(2) 1.94(3) 1.943(8) 1.93(2) 1.84(3)
M-O(4) 2.11(2) 2.07(3) 1.90(1) 2.06(3) 2.23(3)
M-O(5) 2.10(2) 2.09(2) 2.03(3) 2.02(3) 2.18(3)
M-O(6) 2.03(2) 1.97(2) 1.95(3) 1.99(2) 1.91(3)
W-0(1) 2.09(2) 2.11(2) 2.08(2) 2.32(3) 2.00(2)
W-0(2) 1.99(2) 2.03(2) 2.21(3) 2.17(3) 2.06(3)
W-0(3) 1.97(2) 2.06(3) 1.967(4) 2.02(3) 2.02(3)
W-0(4) 1.82(2) 1.96(2) 1.994(4) 1.90(2) 2.00(2)
W-0(5) 2.15(2) 2.15(2) 2.09(3) 2.20(3) 2.05(3)
W-0O(6) 1.79(1) 1.82(2) 1.89(2) 1.85(2) 1.99(3)

M-O(1)-W 154(1) 155(2) 150(1) 138(1) 157(1)
M-0(2)-W 155.1(10) 150(2) 135(1) 146(1) 156(1)
M-0(3)-W 147.0(9) 141(2) 148.3(7) 144(1) 143(1)
M-O(4)-W 140.4(9) 136(2) 152.1(8) 142(1) 135(2)
M-0(5)-W 145.6(6) 147.4(7) 158(1) 148(1) 150(1)
M-0(6)-W 155.1(7) 154.9(8) 154(1) 149(1) 154(1)
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5.3.2.2 Magnetic studies

Temperature variation of dc magnetization M(T) measured under zero-field-cooled
(ZFC), and field-cooled (FC) conditions with a field of 100 Oe is shown in Figure 5.6(a-e).
The compounds NaLuCoWOs and NaLuMnWOg exhibit magnetic anomaly around 7 K and 8
K, respectively, corresponding to the long-range antiferromagnetic ordering of the Co?* and
Mn?* spins. The absence of magnetic anomaly (for Co?* ion) in the compounds containing rare-
earth magnetic cations NaErCoWOs, NaTmCoWOe, and NaYbCoWOs is because of the larger
moment of Er¥*, Tm**, and Yb** over Co?" ions [8,10]. However, the long-range magnetic
ordering temperatures of Co?* ions for all the compounds are determined from the heat capacity
(Co(T)) as depicted in the right axis of Figure 5.6(a-e). Since magnetization is the inductive
measurement, we do not observe prominent magnetic anomaly for Co?* ion in the compounds
with rare-earth magnetic cations (Er®*, Tm®", and Yb®"), whereas in the case of heat capacity,
the observed anomaly corresponds to a change in entropy of Co?* spins indicating long-range
magnetic ordering. Magnetic ordering temperature (Tn) decreased to a lower temperature at 7
T, as seen in Cp(T) data. The low-temperature transition below Tn in both M(T) and Cy(T) of
NaErCoWOs corresponds to the ordering of Er** ions. The low-temperature irreversibility
between ZFC and FC magnetization in NaTmCoWOs and NaLuCoWOs may be due to a trace
amount of impurity (CoO) present in the sample [13]. The presence of the CoO impurity phase
(~0.5%) in NaTmCoWOs is evident from the PXRD pattern shown in Figure 5.5(a). In the case
of NaLuCoWOs, we do not see any evidence in the PXRD pattern; probably amount of CoO is
below the detection limit. The other possibility of sample inhomogeneities having regions with

short-range magnetic order cannot be ruled out.

Parts (f-j) of Figure 5.6 represent the magnetic field dependence of isothermal
magnetization M(H) at different temperatures. The non-linear behavior observed at 2 K
indicates the metamagnetic behavior due to the field-induced changes related to magnetic rare-
earth cations Er, Tm, and Yb and can be seen clearly from dM/dH vs. H plots in the inset of
respective Figures. The compounds NaLuCoWOe and NaLuMnWOQOs showed a slight non-
linearity in M vs. H curves at 2 K could be due to field-induced transition (Figures 5.6(i, j)).
Temperature variation of the inverse susceptibility (1/xm) is fitted to Curie-Weiss law at the
paramagnetic region, as given in Figure 5.7(a-e). The obtained Curie-Weiss temperature (Gcw)
and the effective magnetic moment are found to be -25.4 K, 11.2 ug/f.u. for NaErCoWOes,
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Figure 5.6 (a-e) Temperature variation of dc magnetization measured under ZFC and FC
conditions with a field of 100 Oe and heat capacity (C,) data as a function of temperature
measured at 0 and 7 T. (f-]) Isothermal magnetization as a function of the magnetic field at
different temperatures and inset figures show the dM/dH.
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-34.8 K, 9.6 ug/f.u. for NaTmCoWOs, -42.9 K, 7.2 us/f.u. for NaYbCoWOQg, -32.3 K, 5.2 ug/f.u.
for NaLuCoWOs, and -61.5 K, 6.2 us/f.u. for NaLUMnWOs. The negative sign of fcw is
consistent with the antiferromagnetic order. The obtained magnetic moments are being close
to the reference moment, which are obtained from measurements of paramagnetic salts having

the relevant ions [14].
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Figure 5.7 (a-e) Linear Curie-Weiss fits were done on the temperature dependent inverse
susceptibility data in the paramagnetic region.

5.3.2.3 Dielectric, pyroelectric, and multiferroic studies

To explore the possible magnetoelectric coupling, we have measured the dielectric
constant as a function of temperature. The dielectric constants (er) in the temperature range of
2-20 K, at a fixed frequency of 50 kHz under magnetic fields of 0-8 T and at several
frequencies, are shown in Figure 5.8(a-j). A dielectric anomaly was observed at T ~ Ty,

suggesting the coupling of structural and magnetic transitions. It can be seen that the dielectric
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anomaly at Tn showed a strong magnetic field dependence and further shifted to lower
temperature with an increasing field for NaLnCoWOs (Ln = Er, Tm, Yb, and Lu) compounds,
as shown in Figure 5.8(a-d). This is seen in the heat capacity (Cp(T)), where Tn has decreased
with the field. The dielectric data showed the anomaly around magnetic ordering temperature
(Tn ~ 8 K) for NaLuMnWOs (Figure 5.8(e)), and the field dependence of an anomaly showed
in the inset of Figure 5.8(e). The observed dielectric anomaly of these compounds around the
magnetic ordering temperature is frequency independent, indicating these anomalies are related
to spin-induced transition instead of any relaxation. In the case of NaErCoWOs, another
anomaly was observed in dielectric data below Ty corresponding to the ordering of Er®* ions,
similar to magnetic and heat capacity data. Isothermal magnetocapacitance was measured at

various temperatures 2, 5, 7, and 12 K. The calculated normalized magnetodielectric value,

((Ae)% = % %X 100%) is shown in Figure 5.9. The magnetodielectric effect is observed

all over the temperature below Tn, and the maximum value (~ -0.25% for Er, -0.15% for Tm
and Yb) is obtained near Tn. The presence of dielectric anomaly and their field dependence
around the magnetic ordering temperature confirmed the magnetodielectric behavior of these

compounds.

Given the crystal structure of these compounds is polar, it is more significant to examine
the electric polarization of these compounds. Therefore, we have measured the temperature
dependent pyroelectric current without and with an electric field (E) poling. The observed
pyroelectric current against temperature was integrated with measurement duration and
presented as a change in polarization (AP), as shown in Figure 5.10(a-d). The field dependent
nature of polarization similar to dielectric properties is observed. It is intriguing to note that the
polarization was observed without the poling electric field in NaLnCoWOe (Ln = Er, Tm, and
Yb) and NaLuMnWOe. It could be because of the preferred domain orientation or monodomain
formation owing to the polar structure of these materials. The observed zero electric field
polarization was not switchable by changing the direction of the electric field (£E), similar to
NaYCoWOe. The magnetic structure of NaYCoWOs is collinear with a k-vector = (¥, 0, %).
Although we have not done neutron studies on NaLnCoWOg (Ln = Er, Tm, and Yb) and
NaLuMnWOQs, from known magnetic structures of other doubly ordered perovskites, it is
suggested that the change in polarization in these compounds could be due to magnetoelastic
coupling [8,15-19]. The observed change in polarization is magnetically enhanced since the

structure of these materials is already polar in the paramagnetic state.
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Figure 5.8 (a-e) Temperature dependent dielectric permittivity measured under 0-8 T fields
with 50 kHz frequency. (f-j) Temperature and frequency variation of dielectric constant.
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Figure 5.9 Field dependent magnetodielectric effect measured at different temperatures.
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Figure 5.10 (a-d) Temperature dependent change in polarization (AP) obtained by integrating
pyroelectric current against measurement duration.

Also, the nonswitchable polarization below magnetic ordering temperature reveals that the
polarization contribution from magnetic ordering could be in the same direction as that of the

paramagnetic state. A relatively large energy barrier between the two polar states of these
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pyroelectric materials NaLnCoWOs (Ln = Er, Tm, and Yb) and NaLuMnWOe may be the
reason for the nonswitchable polarization. Further neutron studies are required to determine the

magnetic structure of these compounds.

In the NaLuCoWOs compound, a pyrocurrent signal was not observed without applying
an electric field as observed in previously discussed compounds. The pyrocurrent was
measured upon poling the sample from temperature 15 to 2 K with the electric field of E = 12.1
kV/cmat 0 and 1T. Although the observed pyrocurrent signal is low, it showed clear switching
of signal with changing the direction of the electric field (E = -12.1 kV/cm). The observed
pyrocurrent signal was greatly suppressed with an applied field. The measured pyrocurrent
with £E was integrated with time at 0 and 1T and presented as temperature dependent change

in polarization (AP) as shown in Figure 5.11.
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Figure 5.11 Temperature dependent change in electric polarization (AP) measured with
electric field (£E) poling at 0 and 1T.

The observed switchable polarization in NaLuCoWOs could be due to magnetoelastic
coupling, as discussed in NaYNiWOs. The magnetic structure of NaLuCoWQOs might be
different from other cobalt compounds in their series, but further neutron studies are required
to confirm. However, the observed change in polarization below magnetic ordering
temperature confirmed the magnetoelectric coupling of all these compounds. The dc-bias
measurement was carried out to verify the intrinsic polarization. The dc-bias signal below the
magnetic ordering temperature confirmed the intrinsic polarization in all these compounds, as
shown in Figure 5.12. The suppression of the dc-bias current at 8 T is similar to the dielectric
anomaly.
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Figure 5.12 Temperature variation of dc bias current measured with an electric field (E) and
under magnetic fields.

The attempt to probe ferroelectric polarization in NaLUCoWOs by polarization vs.
electric field (P-E) measurements showed a linear P-E curve that does not represent
ferroelectricity (Figure 5.13). It may be because of the polycrystalline nature of the samples,
which has difficulties in poling. The spontaneous polarization was estimated from point charge
model with nominal charges (Na = +1, Ln = +3, Co and Mn = +2, W = +6, and O = -2), by
considering only ionic contribution. The estimated polarizations are ~28 uClcm? for
NaErCoWOs, ~27 uClcm? for NaTmCoWOsg, ~26 uClecm? for NaYbCoWOs, ~23 uClcm? for
NaLuMnWOs, and 26 xC/cm? for NaLuCoWOs. The obtained polarization values are in the

same order of magnitude as that of similar doubly ordered perovskite values [9,16,20].
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Figure 5.13 Polarization (P) vs. electric field (E) loop measured at 77 K.

5.3.3 Results on NaYFeWOs and NaHoFeWOg

5.3.3.1 Crystal structure

Figure 5.14 shows the results of Rietveld refined pattern of X-ray diffraction data

collected at room temperature for both samples. The structural parameters are given in Table
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Figure 5.14 Rietveld refined powder x-ray diffraction data of NaYFeWOs and NaHoFeWOs.

The first tick marks (green) are the Bragg reflections of the main phase. The second tick marks

(dark cyan) are the Bragg reflections of Ln,WOs (Ln = Y and Ho) impurity. The third tick
marks (orange) are the Bragg reflections of KCI.
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A-3.5.7 and A-3.5.8. The impurities Ln2WOs (Ln =Y, Ho) and KCI were present along with
the main phase, and their corresponding weight percentage is given in Table A-3.5.9. Lattice
and selected bond parameters are shown in Table 5.5 and Table 5.6, respectively. Bond lengths
and bond angles have similar values as previously discussed doubly ordered perovskites.

Table 5.5 Lattice parameters obtained from Rietveld refinement of PXRD data of NYFeWOs
and NaHoFeWOs at RT.

Compound a (A) b (A) c(A) 5 (°) V (A%)
NaYFeWOs  5.3711(1)  55296(1)  7.8275(2)  90.248(2)  232.48(3)
NaHoFeWOs  5.3731(2)  55304(2)  7.8324(2)  90.231(3)  232.74(1)

Table 5.6 Selected bond lengths (Angstroms) and angles (Degrees) obtained by the Rietveld
refinement of PXRD data of NaYFeWOs and NaHoFeWOe.

Compound Fe-O(2) Fe-0O(2) Fe-O(3) Fe-O(4) Fe-O(5) Fe-O(6)
NaYFeWOe  1.77(2) 2.01(2) 2.07(2) 2.17(2) 2.06(1) 1.95(1)
NaHoFeWOs  1.84(2) 1.93(2) 1.97(2) 2.07(2) 2.08(2) 1.88(2)

W-O(1) W-0Q2) W-0(3) W-0(4) W-0(5) W-O(6)
NaYFeWOs 2.33(2)  2.08(1)  1.84(2)  1.79(1)  224(1)  1.87(1)
NaHoFeWOs 2.18(2)  2.09(2)  1.99(2)  197(2)  226(2)  1.93(2)

Fe-O(1)- Fe-O(2)- Fe-O(3)- Fe-O(4)- Fe-O(5)- Fe-O(6)-

w w w w w w
NaYFeWOs  149(1) 143(1) 158(1) 144(1) 141.2(5)  151.5(6)
NaHoFeWOs 151.5(9) 151.7(8) 149.4(7) 141.8(8) 141.1(7) 159.3(7)

5.3.3.2 Magnetic studies

Temperature dependent magnetization under a field of 1000 Oe in field-cooled (FC)
condition for NaYFeWQOs and NaHoFeWOg is shown in Figures 5.15(a, b). The observed
magnetization curves indicate antiferromagnetic transition for these compounds. From the
maximum slope in Co/T vs. T data, the antiferromagnetic ordering temperature (Tn) of Fe?* ions
were determined for NaYFeWOs (~ 13 K), and NaHoFeWOeg (~ 15 K) at O T and Tn decreased
to a lower temperature at 8 T. The broad peak below Tn in magnetization and heat capacity
data of NaHoFeWOs corresponds to Ho®* cation ordering. We have shown only FC
magnetization because ZFC and FC curves deviate from higher temperatures and exhibit a peak
around 120 K, corresponding to magnetic impurity (FesOa) present in these samples. Magnetic

field dependent isothermal magnetization curves below and above Ty are shown in Figure
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5.15(c, d). The non-linear M vs. H curves are observed for NaHoFeWOQs, which is attributed to

the field induced transition of the Ho3* cation.
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Figure 5.15 (a, b) Temperature dependent FC magnetization and heat capacity plotted as Cp/T
vs. T (right axis). (c, d) Field dependent isothermal magnetization of NaYFeWOe and
NaHoFeWOe.

5.3.3.3 Electrical properties

Dielectric measurements of NaYFeWOs and NaHoFeWOe were carried out to
investigate the probable magnetoelectric coupling across the magnetic ordering temperature.
Figures 5.16(a, ¢) show the temperature dependence of the dielectric constant with 50 kHz
frequency under different fields. The dielectric peaks at the magnetic ordering temperature and
the shifting of peaks towards lower temperature with increasing magnetic field demonstrate the
magnetodielectric coupling of these compounds. The dielectric peak at Ty was not seen in the
case of doubly ordered compounds NaLnFeWOe (Ln = La, Nd, Pr, and Sm) [16,21]. Dielectric
peaks of NaYFeWOe and NaHoFeWOs at different frequencies across the magnetic ordering
temperature are shown in Figures 5.16(b, d). At lower temperatures 2-30 K, the dielectric
constant value is in the range of 17-19 and 11-12 for NaYFeWOes and NaHoFeWOs,
respectively. Magnitudes of these values are in the same order as that observed in other
compounds in this family. The dielectric constant value increases to very high with increasing
temperature, where the value is greatly raised at lower frequencies while the rise in value with

higher frequencies is significantly smaller.
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Figure 5.16 (a, c) Temperature dependence of dielectric constant with 50 kHz frequency in
presence of various fields. (b, d) Dielectric constant as a function of temperature with different
frequencies.

The observation of the dielectric anomaly around the magnetic ordering temperature
trigger to perform the pyroelectric and dc-bias current measurement across Tn. Unfortunately,
because of the leakage current in both samples, the pyroelectric current peaks are broad. In
Figure 5.17(a-d), the observed broad pyroelectric current anomalies around magnetic ordering
temperature are shown, which seems to be magnetic field dependent similar to dielectric data.
Similar behavior was observed with opposite peaks after changing the direction of the poling
electric field (-E). It is known that extrinsic pyrocurrent peaks from thermally stimulated charge
carriers (TSFC) are also switchable with the negative electric field [22]. Figure 5.17(e, f) shows
the dc-biased current measurement with E ~ 12.5 kV/cm from 2 — 30 K, where the current was
increasing with temperature, but little variation was observed around magnetic ordering
temperature. The magnetic field dependence of pyrocurrent and dc-bias anomalies may
indicate the magnetoelectric coupling of these compounds, but overall peaks are dominated by
the contribution of leakage currents. Further need to design synthesis method which apparently
helps to avoid leakage contribution in these materials. Also, neutron-diffraction measurements

are required to determine the magnetic structure of NaYFeWOQOs and NaHoFeWOes compounds.
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Figure 5.17 Temperature dependent pyroelectric and dc bias current measured with an electric
field (E) and under magnetic fields.

5.4 Conclusion

We have studied the structural and physical properties of doubly ordered perovskites
with different transition metal cations. The combined cation ordering at both A- and B-sites as
well as the octahedral tilting, are the key factors of these perovskites to crystallize in polar P2;
structure. They exhibit long-range antiferromagnetic ordering along with dielectric anomaly in
the temperature range of 6-8 K. Polarization was observed without poling electric field, and it
is not switchable because of the large energy barrier between the two polar states of this
pyroelectric NaLnCoWOs (Ln =Y, Er, Tm, and Yb) and NaLuMnWOse compounds. The
magnetic structure of NaYCoWOs is collinear and indicates that the observed change in
polarization in this compound could be due to spin-lattice coupling. Interestingly, the
polarization of NaLuCoWOg was switchable with changing the direction of the poling electric

field. Further, a neutron diffraction study is required to determine the magnetic structure of
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NaLuCoWOs and other compounds to understand the disparity in the results of polarization
property below magnetic ordering temperature. On the other hand, the magnetic and dielectric
anomalies confirmed the magnetodielectric behavior of NaYFeWOs and NaHoFeWOs
compounds. The leakage current was dominated in the case of pyro and dc-bias current

measurements because of the conductive nature of these samples.
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Magnetization plateau, magnetocaloric and
multiferroic properties of LiFeV207 and magnetic
properties of LiCrAs:07*

Summary

We have investigated the emergence of magnetization plateau, magnetocaloric effect and
multiferroicity in the frustrated antiferromagnet LiFeV.0O7 and the structural and magnetic
properties of polar LiCrAs;O7. LiFeV20y is crystallized in a polar monoclinic Cc structure, and
the Fe3* ions in octahedral coordination (FeOg) occupy three independent crystallographic sites
and render this compound magnetically frustrated. Temperature dependent magnetic and heat
capacity measurements reveal long-range antiferromagnetic ordering of Fe**-moments around
5 K, which is suppressed by applied magnetic fields. At 2 K, the magnetization curve exhibits
a magnetization plateau with one-third of the saturation moment at 4.3 T. A significant
magnetocaloric effect is observed around Tn with a maximum magnetic entropy change (—AS
~ 9 J/kg.K) at 7 T. Analysis of neutron diffraction data at 2 K confirms that the magnetic
structure is collinear (k = (0, 1, 0)) with different ordered moments associated with each Fe-
sites. Dielectric and dc-bias experiments on LiFeV207 confirm the magnetic order induced
electric polarization, which disappears in the magnetization plateau region. LiCrAs;O7
crystallize in the monoclinic C2 structure supported by second harmonic generation studies.
Temperature dependent magnetic and heat capacity measurements reveal antiferromagnetic
long-range ordering of LiCrAs>O7 around 5 K . We have not observed the dielectric anomaly

in the case of LiCrAs;O7 despite having long-range magnetic ordering and a polar crystal

structure.
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6.1 Introduction

The materials LiFeP207, LiFeV207, LiFeAs;07, LiVP207, etc., have been studied
because of their intriguing crystal chemistry and, more recently, electrochemical properties [1-
5]. These compounds are used as a cathode material for lithium-ion batteries because they may
undergo reversible electrochemical Li* insertion correlated with the Fe3*/Fe?* redox couple.
Here, our interest is in the polar crystal structure and the presence of transition magnetic metal
cations in these compounds. The pentavalent cations (A = P, As, V) mainly occupies tetrahedra
(AOs) in the structural network, whereas magnetic cations (Fe, Cr, and V) are present in an
octahedral environment. These compounds may exhibit long-range magnetic ordering through
super-super-exchange (SSE) interactions. Weak ferromagnetism and magnetoelectric effect
have been reported in polar (P21) LiFeP.Oy7 [6]. Single crystals of isostructural compound
LiCrP207 and its physical properties were reported, but the magnetoelectric effect was not
observed [7]. The compound LiFeAs>O7; with monoclinic polar space group C2 exhibited
antiferromagnetic ordering at 35 K and was suggested to be a potential multiferroic. The
magnetic structure of LiFeAs2O7 is complex, intermediate between a pure helical and pure
cycloidal, whereas the magnetic structure of analog compound LiFeP207 is simple with

collinear magnetic moments arrangement [8,9].

In this chapter, we have studied the interaction of the magnetic order with electric
polarization in the polar LiFeV20y, crystallizing in the monoclinic space group Cc supported
by second harmonic generation (SHG) studies. Dielectric anomaly and dc-bias current at the
magnetic ordering temperature (Tn = 5 K) confirmed that the compound LiFeV207 is
multiferroic. It also exhibits a sizable magnetocaloric effect (MCE) around the magnetic
ordering temperature. The magnetic structure is collinear with k = (0, 1, 0). This compound
also exhibits a magnetization plateau with one-third of the saturation magnetization. Further,
we have investigated the other polar compound LiCrAs2O-. The non-centrosymmetric structure
of this compound is confirmed by SHG studies. This compound orders antiferromagnetically
around 5 K. Electrical measurements show no dielectric anomaly corresponding to magnetic
ordering temperature, indicating the absence of magnetoelectric coupling in this compound.
Also, we have investigated the multiferroic properties of LiFeAs>O7 considering its previous
studies on structural, magnetic, and incommensurate magnetic structure, but the electrical
measurements failed to detect any electrical anomaly to confirm the ferroelectricity below
magnetic ordering temperature [8].
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6.2 Experimental section

Polycrystalline LiFeV,O; was prepared by the solid-state method in air. The
stoichiometric mixture of precursors Li.COsz, Fe203, and V20s was manually ground in an agate
mortar. The grounded mixture was heated in the air in an alumina crucible to 580 °C with a 5
°C/min heating rate for 5-6 days. The purity of the obtained sample was confirmed by X-ray
diffraction. Polycrystalline LiCrAs>O7 was prepared using the wet method. The stoichiometric
mixture of precursors Li(CH3COO)-2H20, NH4H2AsO4, and Cr(NOz)3-9H20 were dissolved
in demineralized water, and the acidic pH (~ 5) was maintained to avoid any precipitance of
precursors that prevent the formation of targeted pure compound. The aqueous solutions of
precursors were heated around 150 °C to evaporate the solvent. Further, the submicronic

powders were annealed at 600 °C to obtain particles with higher crystallinity.

The samples crystallographic structures were characterized by powder X-ray
diffraction (Rigaku SmartLab diffractometer) with non-monochromatized Cu Kas (1.5406 A)
and Cu Koz (1.5446 A). The Rietveld refinement of powder X-ray diffraction (PXRD) data
was performed by the FullProf suite program [10]. Time-of-flight (TOF) neutron powder
diffraction (NPD) data were collected in the temperature range of 2-10 K for LiFeV207 using
the GEM diffractometer at the ISIS pulsed spallation source (Rutherford Appleton Laboratory,
U.K.). The Rietveld refinement of NPD data was carried out with the TOPAS V.5.0 using the
banks 1-6 of the TOF neutron powder diffractometer [11]. Group theoretical calculations to
determine the magnetic space group were performed with the help of online-based ISOTROPY
and ISODISTORT software [12]. Physical property characterization was performed on these

compounds, as mentioned in the previous chapters.

6.3 Results and discussion
6.3.1 Results on LiFeV,0;

6.3.1.1 Structural analysis

The powder X-ray diffraction (PXRD) data of LiFeV207 indicate that the sample is
crystallized with a polar Cc space group, as shown in Figure 6.1, and the corresponding
crystallographic parameters are given in appendix Table A-4.6.1. The neutron powder
diffraction (NPD) data collected at 10 K and the patterns (bank 1 to 6) are well fitted with the

room temperature monoclinic structure (Cc), as shown in Figure 6.2.
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Figure 6.1 Rietveld refined fit of LiFeV.O7 where calculated and experimental intensities are
plotted as a continuous black line and red circles, respectively. The olive-green tick marks
correspond to Bragg positions of space group Cc and the difference in intensities is shown in

the blue line.
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Figure 6.2 Rietveld analysis of GEM bank 1-6 neutron powder diffraction data measured at 10
K. The olive-green tick marks correspond to Bragg positions of space group Cc and the
difference in intensities is shown in the blue line.
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Figure 6.3 The SHG signal from spectrometer data, which is processed by baseline subtraction

and five-point average to get clear SHG data. The data is fitted with a Gaussian curve to see
the mean value with full width half maxima.

The refinement of the nuclear structure from neutron diffraction data confirmed the room
temperature structural model in addition to the precise determination of lithium positions in the
crystal structure. The crystallographic parameters and reliability factors of the refinement from
time-of-flight NPD data at 10 K are given in Table 6.1. Further, the non-centrosymmetric space
group is confirmed by SHG measurements where the signal was observed around half the

wavelength of 1064 nm, as shown in Figure 6.3. The crystal structure of LiFeV20y7 is given in
Figure 6.4(a).

Figure. 6.4 (a) Crystal structure of LiFeV207 viewed along [010] direction, oxygen atoms are
colored red. (b) Isosceles triangles of Fe-ions.

All the atoms present in the crystal structure occupy general positions, which include
three different iron and lithium sites, six vanadium sites, and 21 oxygen sites. The FeOs
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octahedra indicate Fe-O bond distances between 1.91 and 2.13 A, similar to a previous
report [5]. All FeOs are surrounded by five VO, tetrahedra, Fe2 shares the sixth corner with
the VVOs trigonal bipyramid while the corner-sharing Fel and Fe3 share adjacent edges of VOs
trigonal bipyramid, as can be seen in the crystal structure (Figure 6.4(a)). The Fe** ions in
octahedral coordination (FeOe) occupy three independent crystallographic sites and forms
isosceles tringles and render this compound magnetically frustrated. The magnetic exchange
interactions between adjacent Fe** ions occur through VO4 and VOs network, and a corner
shared oxygen between Fel and Fe3 ions.

Table 6.1 Crystallographic parameters of LiFeV,07 from the refinement of NPD data collected
at 10 K.

Wyckoff _ ?

Atom pOSition X y z Biso (A ) Occ.
Fel 4a 0.48729 0.8029(4) 0.36898 0.24(1) 1.0
Fe2 4a 0.8388(4) 0.8270(2) 0.5456(3) 0.24(1) 1.0
Fe3 4a 0.6866(2) 0.3004(4) 0.7130(2) 0.24(1) 1.0
V1 4a 0.412(6) 1.031(9) 0.173(5) 0.10(2) 1.0
V2 4a 0.704(4) 1.013(6) 0.343(4) 0.10(2) 1.0
V3 4a 0.566(4) 0.462(7) 0.495(4) 0.10(2) 1.0
V4 4a 0.612(5) 0.959(7) 0.563(4) 0.10(2) 1.0
V5 4a 0.264(5) 0.964(9) 0.400(5) 0.10(2) 1.0
V6 4a 0.394(4) 0.464(6) 0.247(4) 0.10(2) 1.0
01 da 0.4629(4) 0.3232(6) 0.4804(4) 0.19(5) 1.0
02 da 0.3082(4) 1.1520(6) 0.1488(4) 0.17(5) 1.0
03 4a 0.2232(5) 0.9806(5) 0.2852(5) 0.37(6) 1.0
04 4a 0.3841(5) 0.4866(6) 0.1219(4) 0.38(6) 1.0
05 4a 0.4085(4) 0.6460(6) 0.2965(4) 0.26(6) 1.0
06 4a 0.2787(4) 1.1593(6) 0.4497(5) 0.13(5) 1.0
o7 4a 0.5136(5) 0.8803(7) 0.6223(5) 0.47(7) 1.0
08 4a 0.6078(3) 0.7905(5) 0.3016(4) 0.30(5) 1.0
09 4a 0.5731(4) 0.9737(6) 0.4480(4) 0.13(5) 1.0
010 4a 0.6676(4) 1.1275(5) 0.3087(4) 0.56(6) 1.0
011 da 0.6489(4) 1.1401(6) 0.6075(4) 0.17(5) 1.0
012 da 0.6612(5) 0.3803(6) 0.4540(5) 0.27(6) 1.0
013 4a 0.2805(4) 0.3632(6) 0.2792(4) 0.28(5) 1.0
014 da 0.4937(4) 0.3401(5) 0.2730(4) 0.16(5) 1.0
015 4a 0.4386(4) 1.0071(5) 0.2950(4) 0.16(5) 1.0
016 4a 0.5285(5) 0.6429(7) 0.4634(5) 0.74(9) 1.0
017 da 0.3909(5) 0.8442(9) 0.1217(6) 2.10(2) 1.0
018 da 0.7768(5) 0.9959(7) 0.4507(5) 1.39(9) 1.0
019 4a 0.5977(5) 0.4549(6) 0.6366(5) 1.20(2) 1.0
020 4a 0.3693(4) 0.8501(7) 0.4323(5) 0.50(7) 1.0
021 4a 0.7063(4) 0.8126(6) 0.5931(4) 0.18(5) 1.0
Lil da 0.6684(8) 0.686(1) 0.7090(8) 0.30(2) 1.0
Li2 da 0.3124(9) 0.299(1) 0.0202(8) 0.60(2) 1.0
Li3 4a 0.5612(9) 0.178(2) 0.3517(9) 0.72(2) 1.0
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Space group: Cc; a = 13.4515(2) A, b =8.1691(1) A, ¢ = 14.3653(2) A, S = 96.5967(7)°. Vol.:
1568.11(4) A%; Reliability factors: GOF = 1.97, Bragg R-factor = 0.87 (%), Rwp— factor = 2.12
(%), Rexp— factor = 1.08 (%).

6.3.1.2 DC magnetization

Temperature variation of the zero-field-cooled (ZFC) and field-cooled (FC)
magnetization was carried out under a magnetic field of 100 Oe. Magnetization and heat
capacity data confirm that Fe3*-ions order antiferromagnetically around 5 K, as shown in Figure
6.5(a). The slight increase of magnetization below 3 K could be due to the different magnetic
moments of three Fe** ions, as discussed in the magnetic structure section. Applied magnetic
fields shifted the magnetic ordering to low temperature and suppressed below 2 K at above 4
T, as shown in the magnetization and heat capacity data. Isothermal magnetization curve at 2
K shows field induced transition around 1 T that can be seen in the derivative curve as shown
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Figure 6.5 (a) DC magnetization as a function of temperature under ZFC and FC condition
with 100 Oe field and temperature dependent heat capacity data (Cp) with different fields 0 —
5 T. (b) magnetic field dependent magnetization M(H) and dM/dH in the inset.
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Figure 6.6 Temperature dependent inverse susceptibility data fitted to Curie-Weiss law at
higher paramagnetic region.
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in the inset of Figure 6.5(b). With further increase of field, the magnetization increases linearly
and show a plateau at 4.3 T with one-third of saturation magnetization. Such magnetization
plateau has been reported in low dimensional frustrated antiferromagnets. For example, the
system R>V207 (R = Ni, Co) shows a similar magnetization plateau and a field induced
ferroelectricity [13]. The Curie-Weiss fit was performed to the inverse susceptibility data at the
high temperature paramagnetic region (shown in Figure 6.6). The effective magnetic moment
obtained from the fit is 6.2 us/f.u. which is close to the calculated paramagnetic moment of 5.9
uslf.u. The Curie-Weiss temperature (cw) is -199 K indicating the dominant antiferromagnetic
interactions. The estimated frustration parameter (f = 40) is remarkably high for LiFeV.07. The
frustration parameter (f =|0cw|/Tn) greater than five means the system is highly frustrated. This
could be due to competing exchange interactions between three different Fe3* ions in the
system. Further, theoretical investigations are required on this new high entropy material to

understand the nature of geometrical and spin frustrations.
6.3.1.3 Magnetocaloric effect

Considering the field induced metamagnetic transition and saturation behavior of M vs.
H curves at low temperatures, we have studied the magnetocaloric effect in LiFeV.07. To
calculate the magnetic entropy change (AS), one quadrant magnetic field dependent isothermal
magnetization has been measured from 0-7 T in 2 K intervals between 2-20 K, and the
corresponding plot is shown in Figure 6.7(a). The curves gradually display linear behavior,
which indicates the increasing paramagnetic contribution above magnetic ordering
temperature. Before we discuss the magnetocaloric effect (MCE), we point out the nature of
magnetic transition with the help of Arrot plots. According to the Banerjee criterion, if the
slope of H/M vs. M2 curves (Arrott plot) is negative, then the magnetic transition is of first
order, while a positive slope indicates second-order transition [14]. From Figure 6.7(b), it is
clear that the slope of the Arrot plots is positive around T, revealing the second-order magnetic
phase transition of this compound. However, the negative slope of the 2 K curve (inset of Figure
6.7(b)) may be due to the first-order transition from the AFM-FM transition associated with

the metamagnetic transition of LiFeV207.
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Figure 6.7 (a) Magnetic field dependent magnetization measured up to 7 T between isothermal
temperature 2-20 K in the interval of 2 K. (b) M? vs. H/M plot at different temperatures around
magnetic ordering temperature. Inset: Arrott plot at 2 K.

The magnetocaloric effect was estimated using Maxwell’s thermodynamic relation:

H

AS(T,H) = L (%—A;) dH

The isothermal magnetic entropy change under magnetic fields from 5-70 kOe is given in
Figure 6.8(a). A magnetic entropy change (—AS) showed a maximum value around Tn with
the maximum value of —AS ~ 9 J/kg.K under a magnetic field of 70 kOe, which is relatively
high in the oxide system. The magnetic entropy (AS) changes its sign at a lower temperature
below 30 kOe, and this behavior is related to field induced transition observed in the
magnetization measurements. Furthermore, the magnetic entropy change was calculated from
the heat capacity data by the equation below,

TC (T
AS=J p()dT
o T

As seen in Figure 6.8(b), the calculated —AS from the heat capacity (C,) follows the same trend
as that obtained from M vs. H data. On the whole, these results indicate that LiFeV,0- exhibits
second-order magnetic phase transition, and it is a good candidate for the magnetocaloric

effect.
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Figure 6.8 (a) Temperature variation of entropy changes (AS) under various magnetic fields
obtained from isothermal field dependent magnetization data. (b) Comparison of magnetic
entropy change obtained from both M vs. H and heat capacity (Cp) data at 5 T, respectively.

6.3.1.4 Electrical studies

An apparent dielectric anomaly is seen in &(T) at the magnetic ordering temperature in
the absence of a magnetic field, as shown in Figure 6.9(a), and with increasing applied magnetic
field, the dielectric anomaly is shifted to lower temperature. The absence of a dielectric peak
at 5 T could be due to the shift of the anomaly further below 2 K, which might be related to a
change in the spin structure under applied magnetic fields, as indicated by heat capacity data
and magnetic field dependent magnetization. Frequency dependent dielectric constant against
temperature showed dielectric anomaly at Ty, and it is not associated with any relaxation
phenomenon as shown in Figure 6.9(b). Isothermal field dependent dielectric constant showed

the magnetodielectric effect, corresponding to magnetization data as shown in Figure 6.10.
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Figure 6.9 (a, b) Temperature dependent dielectric constant &:(T) measured at various magnetic
fields and frequencies.
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Figure 6.10 Isothermal field dependent dielectric constant e(H) at various temperatures,
normalized by the expression [(¢(H)-£(0))/e(0)]%.

Pyroelectric current measurements did not show an anomaly below magnetic ordering
temperature. However, temperature dependent dc-bias current measurement showed a broad
positive polarization peak followed by a sharp negative depolarization current peak, as shown
in Figure 6.11(a) at 0 - 4 T, confirming the ferroelectricity of this compound below magnetic
ordering temperature. The dc-bias signal shifted to a lower temperature with an increasing
magnetic field similar to the dielectric anomaly. DC-bias current measurement is a well-known
method to distinguish between intrinsic polarization from thermally stimulated free charge
carriers [15,16]. During this measurement, the current is recorded while warming the sample
by applying the dc electric field without prior poling. The change in polarization obtained by
integrating the depolarization peak of the dc-bias signal is shown in Figure 6.11(b). The
observed dc-bias current signal at the magnetic ordering temperature confirmed the
multiferroic properties of this compound. Further, we have measured the electric field
dependent polarization P(E) loops at 77 K with a high field of about 350 k\VV/cm which showed
lossy dielectric behavior, as shown in Figure 6.12.
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Figure 6.11 Temperature variation of dc-biased current at 0 — 4 T with an electric field of E =
7.2 kVicm.
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Figure 6.12 Electric field dependent polarization measured at 77 K.

6.3.1.5 Magnetic structure

Neutron powder diffraction (NPD) studies were carried out to determine the magnetic
structure and understand the magnetoelectric coupling of the LiFeV207 compound. The NPD
data were collected at 10 K and 2 K to determine the crystal and magnetic structures. The
magnetic reflections at 2 K can be indexed with k = (0, 1, 0). The Rietveld refinement of NPD
data at 2 K, performed using TOPAS Academic V. 5.0, is shown in Figure 6.13, and asterisks
indicate the intense magnetic peaks. Group-theoretical calculations were performed by the
ISODISTORT program to identify the magnetic space group. Out of the two irreducible
representations, mY1 and mY2, the former with origin (0, 0, 0) and magnetic space group Pcc
fit the experimental data well. VVarious combinations of moments were tried, and a better fit is
obtained by refining the moment values along the b-axis for all the three Fe atoms. The
magnetic structure is shown in Figure 6.14. It has moment components of My = 1.2(9) ug for
Fel, 3.4(2) us for Fe2, and 1.4(9) us for Fe3, respectively. It should be noted that the chemical
environment of Fe2 is different from Fel and Fe3, as discussed in the structural part. The
magnetic structure of this compound is collinear, and it does not induce individual polarization.
The observed magnetoelectric coupling of this compound could be due to spin-lattice coupling,
and further studies on a single crystal of LiFeV207 could be helpful to realize magnetoelastic
coupling as studied in LiFeP207 [6]. The magnetic structure of LiFeP2Oy7 is simple with k = (0,
0, 0). Thermal expansion experiments on LiFeP207 single crystal revealed the macroscopic
distortion of the lattice below Tn, which confirmed the presence of significant spin-lattice
coupling associated with the reported magnetoelectricity. Also, the multiferroicity due to

magnetoelastic coupling is reported in other classes of compounds in the literature [17,18-20].
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Figure 6.13 Rietveld refinement result of the time-of-flight (TOF) NPD pattern collected on
GEM at 26 = 34.96° and 2 K for LiFeV.07 compound.

C

Figure 6.14 Magnetic structure of LiFeV207 with magnetic moments plotted on the Fe atoms
and dotted lines represent isosceles triangles.
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6.3.2 Results on LIiCrAs;Oy

6.3.2.1 Structural analysis

The powder X-ray diffraction (PXRD) data indicates that LiCrAs.Oy7 is pure and well
crystallized. The PXRD data was refined with space group C2 (Figure 6.15), and the absence
of the inversion centre is confirmed by SHG measurement, as shown in Figure 6.16. The
resulting crystallographic parameters and reliability factors from the Rietveld refinement of
PXRD data are given in Table 6.2. The crystal structure is shown in Figure 6.17, where the
CrOs octahedron shares its corners with six diarsenate As,O7 groups. The Cr-O bond distances
are in the range of 1.97 to 2.08 A, indicating Cr ion is present at the middle of the Os
octahedron [7]. In this structure, super-super-exchange type interactions take place through
As>07 units between Cr atoms.
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Figure 6.15 Rietveld refined fit of LiCrAs,O7 where calculated and experimental intensities
are plotted as a continuous black line and red circles, respectively. The olive-green tick marks
correspond to Bragg positions of space group C2, and the difference in intensities are shown
in the blue line.
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Figure 6.16 The SHG signal from spectrometer data, which is processed by baseline
subtraction and five-point average to get clear SHG data. The data is fitted with a Gaussian

u.)
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curve to see the mean value with full width half maxima.

Table 6.2 Crystallographic parameters of LiCrAs;O7; from the refinement of PXRD data

collected at room temperature.

Atom \Qg;(l:ggg X y z Biso (A2) Occ.
Li 2a 0.0000 0.628(2) 0.0000 1.0000 0.5
Cr 2a 0.0000 0.0000 0.0000 0.89(4) 0.5
As 4c 0.7852(2)  0.3388(2) 0.5916(3)  0.70(6) 1.0
01 4c 0.7623(6) 0.5025(5)  0.8439(9)  1.0000 1.0
02 4c 0.8272(6) 0.1583(6)  0.7318(9)  1.0000 1.0
03 4c 0.5994(6) 0.2966(5)  0.2603(9)  1.0000 1.0
04 2b 0.0000 0.4397(7) 0.5000 1.0000 0.5

Space group: C2; a = 6.6414(2) A, b = 8.2007(3)A, ¢ = 4.7026(1) A, g = 103.734(3)°. Vol.:
248.797(4)A3; Reliability factors: ¥? = 5.71, Bragg R-factor = 5.38 (%), Rt — factor = 5.76 (%).

Figure 6.17 Crystal structure of LiCrAs;O7 viewed along [001] direction, oxygen atoms are
colored red.
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6.3.2.2 Magnetic and electrical properties

Temperature dependent dc magnetization under zero-field-cooled (ZFC) and field-
cooled (FC) conditions with a magnetic field of 100 Oe is shown in Figure 6.18(a). The inset
of Figure 6.18(a) shows dM/dT at 100 Oe underlying the antiferromagnetic transition
temperature of this compound around 5.5 K, which is confirmed by heat capacity (C,) data as
shown in the right axis of Figure 6.18(a). Magnetization is increasing below magnetic ordering
temperature could be due to spin canting. Unlike LiFeV.0O7, applied magnetic fields during
heat capacity measurement did not show any effect on the magnetic ordering temperature of
this compound. Isothermal magnetization curve below magnetic ordering temperature at 2 K
showed non-linearity related to field induced transition as seen in Figure 6.18(b). The Curie-
Weiss fit was performed at a high-temperature paramagnetic region, as shown in Figure 6.19.
The effective magnetic moment procured from the fit is 4.1 ug/f.u. which is close to the
calculated paramagnetic moment of 3.9 ug/f.u. The Curie-Weiss temperature (fcw) is -18.9 K

indicating the dominant antiferromagnetic interactions.
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Figure 6.18 (a) DC magnetization as a function of temperature under ZFC and FC condition
with 100 Oe field and temperature dependent heat capacity data (Cp) with different fields 0 and
7 T. (b) Magnetic field dependent magnetization M(H) at various temperatures.

Despite having long-range magnetic ordering, this compound does not exhibit dielectric
anomaly around magnetic ordering temperature. The absence of dielectric anomaly suggests
that the coupling between order parameters could be so weak that it cannot be observed
experimentally. Also, this compound is expected to show ferroelectricity owing to the polar
nature of this compound, but the measured ferroelectric hysteresis loops yielded a linear
dependence of the polarization (P) on the electric field (E) at 77 K, as shown in Figure 6.20.
We have investigated the multiferroic properties of polar LiFeAs>O7 considering its previous
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studies of its structural, magnetic, and incommensurate magnetic structure, but the electrical
measurements failed to detect any electrical anomaly to confirm the ferroelectricity below

magnetic ordering temperature [8].
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Figure 6.19 Temperature dependent inverse susceptibility data fitted to Curie-Weiss law at
higher paramagnetic region.
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Figure 6.20 Electric field dependent polarization measured at 77 K.

6.4 Conclusion

Polycrystalline samples of LiFeV207 and LiCrAs,O7 have been synthesized by solid-
state and wet chemical methods, respectively. The structural investigation by PXRD and NPD
data and the SHG studies revealed a monoclinic Cc space group for LiFeV.07 and C2 for
LiCrAs20O7. The magnetic and heat capacity measurements confirmed the antiferromagnetic
ordering of these compounds around 5 K. LiFeV207 showed field induced transition and,

additionally, a significant magnetocaloric effect around Tn, which is reasonably high compared
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to other antiferromagnetic oxides. The magnetic structure of LiFeV20y is collinear with k =
(0, 1, 0). The observed dc-bias signal below magnetic ordering temperature confirmed the
multiferroic properties of the LiFeV.O7. However, LiCrAs;O failed to show any electrical
anomaly below magnetic ordering temperature despite having a polar structure. These studies
open up a way to explore multiferroic and many other interesting properties of polar

compounds.
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Summary of the thesis

For pursuing the quest for magnetoelectric multiferroics, it is important to design new
materials and understand the various mechanisms of combining ferroelectricity and magnetism
for future new technological applications. In this thesis, we focused on exploring a new class
of multiferroic materials based on polar magnetic oxides where the polar structure results from
chemical ordering. This class of multiferroics is promising because they do not necessarily
involve complex magnetic structures arising from spin frustration, and therefore one can
combine appropriate magnetic ions with the polar structure to achieve a magnetoelectric effect
at room temperature. Initially, we have worked on a series of doubly ordered perovskites
NaLnNiWOs (Ln =Y, Dy — Lu) in which polar structure arises because of the combined cation
ordering in both the sites and octahedral tilting. Our attempt to measure typical ferroelectric
polarization versus electric field loop was unsuccessful. However, switchable polarization is
observed below magnetic ordering temperature. NaYNiWOs manifested an unconventional
spin density wave with k = (0.47, 0, 0.49) near magnetic ordering temperature (Tn), and it
changes to a collinear magnetic structure with k = (0.5, 0, 0.5) below 18 K. Subsequently, we
have investigated larger sized rare-earth cation compounds NaLnNiWQOs (Ln = La, Pr-Th).
These compounds showed only a magnetodielectric effect without measurable change in
electric polarization around Twn. Further, we have extended our studies on doubly ordered
perovskites with different transition magnetic cations (Co, Mn, and Fe). Non-switchable
polarization is discovered in NaLnCoWOe (Ln =Y, Er-Lu) and NaLUuMnWOs indicating the
pyroelectric nature of these compounds. Interestingly, switchable polarization is found in
isostructural NaLuCoWOe similar to the Ni series. In contrast to the NaYNiWOs, the
NaYCoWOs exhibit only collinear magnetic structure with k = (0.5, 0, 0.5). Clear
magnetodielectric behavior is probed in NaLnFeWOs (Ln =Y, Ho). Miserably, we could not
measure the polarization because of the conducting nature of these compounds. Apart from
doubly ordered perovskites, we have explored the structural and physical properties of other
polar oxides, LiFeV.0O7 and LiCrAs;O7. LiFeV207 is a highly frustrated antiferromagnet
(frustration parameter = 40) that exhibits a magnetization plateau with one-third of the
saturation moment at 4.3 T. We found multiferroicity in LiFeVV.O7, and further the magnetic
structure of this compound with k = (0, 1, 0) suggest that the change in polarization below Ty
could be due to magnetoelastic coupling. LiCrAs>O7, another polar antiferromagnet, has been
investigated, in which multiferroicity is not observed.
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Summary of compounds reported in the present thesis.

Space Transition
Compound fou temperature Property Results
group | in K (Tw)
Chapter 3
NaYNiWOg 21 4+ These compounds
- exhibit double peak in heat
NaDyNIWOs 23 capacity data corresponding to
NaHoNiWOs 22 incommensurate (AFM-SDW)
- ) . with k = (0.47, 0, 0.49) and
NaErNiWOs | P2, 21 Multiterroic | colinear magnetic  structure
NaTmNiWOg 20 with k = (0.5, 0, 0.5)
NaYbNiWOe 20 4+ Exhibit switchable
NaLuNiWOs 18 polarization below Ty
Chapter 4
NaLaNiWOs 30 + NaLaNiWOs exhibit
- only  collinear  magnetic
NaPrNIWOs 30 structure with k = (0.5, 0, 0.5)
NaNdNiWOs 30
. : .| % Polarization (AP)
NaSmNiWOs P2; 27 Magnetodielectric is not observed in these
NaEuNiWOg 26 compounds
NaGdNiWOs 24
NaTbNiWOs 23
Chapter 5
NaYCoWOs 7 4+ The magnetic structure
of NaYCoWOs is collinear
NaErCoWOs ! with k = (0.5, 0, 0.5)
NaTmCoWOs 7 + NaLnCoWOg (Ln =Y,
) . Er, Tm, Yb) and NaLuMnWOe
NaYbCOW06 P21 7 |\/|u|t|feI’I’OIC eXthIt non'SW|tChab|e
NaLuCoWOs 7 polarization below Tn, whereas
polarization is switchable in
NaLuMnWOe 8 NaLuCoWOe
NaYFeWOs 13 + Pyrocurrent and dc-bias
current peaks of Fe compounds
NaHoFeWOs 15 are dominated by leakage
currents
Chapter 6
LiFeV,07 Cc 5 Multiferroic | % DC-bias signal below
Tn confirmed the multiferroicity
LiCrAs;O7 C2 6 Antiferromagnetic | # No electrical anomaly

below T
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Appendix 1

Chapter 3 Structural, magnetic, multiferroic properties of NaLnNiWQOg (Ln =Y,
Dy-Lu) and unconventional spin density wave (SDW) structure of NaYNiWOg
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Figure A-1.3.1 Rietveld refined powder X-ray diffraction data of NaYNiWOsg sample recorded
at room temperature.

Table A-1.3.1 Structural parameters of NaYNiWOs from the PXRD pattern refinement.
Space group: P2:; a = 5.3226(2) A, b = 5.4894(2) A, ¢ = 7.7499(2) A, B = 90.202(9)",

Vol.: 225.55(1) A3; 42 = 4.50, Bragg R-factor = 4.88 (%), R — factor = 3.93 (%).

Atom \Qf));?;g];f X y z Biso (A2) Occ.
Na 2a 0.243(2) | 0215(3) | 0.004(1) | 2.6(4) 1.0
Y 2a 0.2654(5) | 0.3132(5) | 0.4994(3) | 0.66(9) 10
Ni 2a 0.7500(8) | 0.27(0) | 0.2488(4) | 0.1(1) 10
W 2a 0.7608(3) | 0.2500 | 0.7664(1) | 0.48(3) 1.0

o) 2a 0.546(4) | 0538(4) | 0.698(2) 1.0 1.0

o) 2a 0.543(3) | 0552(4) | 0.303(2) 1.0 1.0

0(3) 2a 20.0523) | -0.051(3) | 0.217(2) 1.0 1.0

o(4) 2a 20.084(4) | -0.0403) | 0.794(2) 1.0 1.0

0(5) 2a 0.845(2) | 0.222(4) | 0.499(1) 1.0 1.0

0(6) 2a 0.675(2) | 0.276(5) | -0.008(1) 1.0 1.0
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Details of DFT calculations

Spin-polarized DFT calculations were carried out by using the Vienna ab Initio
Simulation Package (VASP) [1,2], the projector augmented wave (PAW) method and the PBE
exchange-correlation functionals [3]. The electron correlation associated with the 3d states of
Ni was taken into consideration by performing the DFT+U calculations with the effective on-
site repulsion Uess = U — J on magnetic ions [4]. For the ionic relaxation, DFT+U calculations
(with Uer = 4 eV) were performed using a set of (6x6x4) k-points and the criterion of 1073
eV/A for ionic relaxation. All our DFT+U calculations (with Uesr = 3, 4, and 5 eV) for extracting
the spin-exchange parameters employed the (2a, 4b, 2c) supercell, the plane wave cutoff energy
of 450 eV, the threshold of 10 eV for self-consistent-field energy convergence and a set of
(4x2x4) k-points. The preferred spin direction of Ni?* cation was determined by DFT+U+SOC
calculations employed a set of (6x6x4) k-points and the threshold of 107 eV for self-consistent-

field energy convergence [5].

Table A-1.3.2 Geometrical parameters associated with the nine spin-exchange paths based on
the crystal structure determined by neutron diffraction refinement at 100 K.2P

Ni...Ni Ni-O 0...0 £Ni-0...0, £0...0-Ni

J1 5.4166 2.0593, 2.0495 2.8311 112.0, 147.9
2.0495, 2.1259 2.8177 153.9, 103.4

J2 5.4630 2.0441, 2.0495 2.7745 146.3, 115.5
2.0495, 2.0765 2.7339 135.9, 116.3

J3 5.4223 2.1259, 2.0631 2.6998 160.6, 105.0
2.0593, 2.0631 2.6472 145.8, 109.9

Ja 5.4420 2.0631, 2.0441 2.6328 151.8, 107.8
2.0631, 2.0765 2.6923 146.5, 117.7

Ja 5.3135 2.0441, 2.0593 2.5825 149.9, 107.5
2.0765, 2.1259 2.7951 105.2, 140.6

Jb 5.4864 2.0441, 2.0765 2.7275 107.2, 162.4
2.0593, 2.1259 2.6726 152.3,115.1

Je 7.7371 2.0495, 2.0631

Jab 7.6377 2.0593, 2.0765

Jab 7.6377 2.1259, 2.0441

& Space group: P2;
b Cell parameters: a = 5.31349 A, b =5.48641 A, ¢ = 7.73727 A, o =90.0°, #=90.2029°, =
90.0°.
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(k) AF10

Figure A-1.3.2 Ordered spin states of NaYNiWQs, where the Ja, Jb, Jab, and Jc paths are not
indicated in the diagrams. The grey and white circles indicate up and down spin sites,
respectively.

The total spin exchange energies of the 11 ordered spin states per formula unit can be

expressed as

E=Zg:ni\]i32 (1)

where S refers to the spin of the Ni?* ion (i.e., S = 1). The values of ni (i = a, b, ¢, ab, ab’, 1, 2,

3, 4) found for the 11 spin states are listed in Table A-1.3.3. We obtain the values of the
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Table A-1.3.3 Energies of the 11 ordered spin states in terms of the nine spin-exchange
parameters

Ja Je Jo Jab Jab' J1 J2 J3 Ja
Erm -32 -32 -32 -32 -32 -32 -32 -32 -32
Ear1 32 -32 -32 32 32 -32 32 -32 32
Ear 32 -32 -32 32 32 32 -32 32 -32
Ears -32 32 -32 -32 -32 32 -32 -32 32
Ears -32 -32 -32 -32 -32 32 32 32 32
Ears -32 -32 32 32 32 0 0 0 0
Ears 32 32 32 -32 -32 0 0 0 0
Ear7 -32 32 32 32 32 0 0 0 0
Ears 32 32 -32 32 32 32 32 -32 -32
Earo -32 32 -32 -32 -32 -32 32 32 -32
Ear10 0 -32 0 -32 32 0 16 0 16

spin exchanges by energy-mapping analysis [6-8], in which the relative energies from the
DFT+U calculations are mapped onto the corresponding energies expected from the spin
exchange energies. The values of the nine spin exchanges are related to the relative energies of

the ordered spin states as follows:

Jo = (1/64)(1/ISH)[Ear7 — Ears] (2a)
J3 = (1/128)[{(Earz2 — Ears) — (Ears — Eara) }(1/S?) + 128]] (2b)
Jo = (1/64)[(Ears — Ears)(1/S?) + 64 — 1285] (2¢)
J1 = (1/128)[{(Ears — Erm) — (Ear1 — Ear2) }(1/S?) — 128J3] (2d)
Ja = (1/128)[{(Ear1 — Ear2) — (Erm — Eara)}(1/S?) — 128J5] (2e)
Ja = (1/128)[{(Ear1 — Earo) — (Ears — Ears) }(1/S?) + 64J3 — 64J4] (2f)
Jo = (1/64)[(Ears — Ear2)(1/S?) +64Ja + 32J1 — 32), + 323 — 32J4] (29)
Jab = (1/64)[(Ears — Ear10)(1/S?) + 32Ja — 32Jp + 16, + 16J4] (2h)
Jab' = (1/64)[(Ear10 — Ears)(1/S?) + 32J3 + 64Jc +32Jp — 16J2 — 16J4] (2i)

The values of the spin exchanges as described above from our DFT+U calculations with Uefs =
3,4 and 5 eV are summarized in Table A-1.3.4.

164



Appendix 1

Table A-1.3.4 Values of the spin exchanges (in K) obtained from DFT+U calculations of
NaYNiWOe

Uett =3V Uett=4eV  Uer=5eV

Ja -4.80 -3.77 -2.94
Jb -6.89 -5.33 -4.09
Je -18.65 -14.48 -11.16
Jab -11.98 -9.26 -7.09
Jab’ -12.11 -9.38 -1.17
J1 -8.75 -6.78 -5.22
J2 0.96 0.72 0.56
J3 0.70 0.50 0.34
Ja -1.31 -1.06 -0.86
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Figure A-1.3.3 Rietveld refined powder X-ray diffraction data of NaLnNiWOe (Ln = Dy-Lu)
recorded at room temperature.
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Table A-1.3.5 Structural parameters of NaDyNiWOs from the PXRD pattern refinement.
Space group: P2:; a = 5.3379(3) A, b = 5.4874(3) A, ¢ = 7.7578(5) A, p = 90.246(4)",
Vol.: 227.234(2) A3; y? = 7.0, Bragg R-factor = 3.22 (%), R-factor = 2.55 (%).

Atom \Qﬁigg X y z Biso (A2) Occ.
Na 2a 0.255(3) | 0.210(2) | 0005(2) | 1.4(3) 1.0
Dy 2a | 0.2655(5) | 0.3099(9) | 0.5001(3) | 0.1(1) 1.0
Ni 2a 0.752(2) | 0.253(4) | 0.2496(7) | 0.7(2) 1.0
W 2a 0.7602(4) | 0.25000 | 0.7652(2) | 0.1(3) 1.0

o(1) 2a | 0.556(4) | 0.538(4) | 0.713(3) 1.0 1.0

0(2) 2a | 0.561(4) | 0.538(4) | 0.286(3) 1.0 1.0

0(3) 2a | -0.044(4) | -0.064(4) | 0.200(3) 1.0 1.0

0(4) 2a | -0.046(4) |-0.057(4) | 0.798(3) 10 1.0

0(5) 2a | 0.868(3) | 0.218(4) | 0.463(2) 1.0 1.0

0(6) 2a | 0.668(3) | 0.190(3) | -0.008(2) 1.0 1.0

Table A-1.3.6 Structural parameters of NaHoNiWOs from the PXRD pattern refinement.
Space group: P2:; a = 5.3271(3) A, b = 5.4912(4) A, ¢ = 7.7499(2) A, p = 90.239(2)°,
Vol.: 226.853(3) A%; ¥ = 6.47, Bragg R-factor = 3.56 (%), Ri-factor = 3.11 (%).

Atom \F/)\g;?;g]: X y z Biso (A2) Occ.
Na 2a 0249(2) | 0277(2) | 0015(1) | 0.9(2) 1.0
Ho 2a | 0.2677(3) | 0.3074(4) | 05017(2) | 0.1(3) 1.0
Ni 2a | 0.7527(9) | 0.2275(9) | 0.2457(4) | 0.04(7) 1.0
W 2a | 0.7607(3) | 0.2500 | 0.7655(11) | 0.04(7) 1.0

o) 2a 0554(3) | 0.507(3) | 0.729(2) 1.0 1.0

0(2) 2a 0.564(3) | 0.509(3) | 0.276(2) 1.0 10

0(3) 2a 20.099(3) | -0.098(3) | 0.197(2) 1.0 10

0(4) 2a 20.085(3) | -0.098(3) | 0.795(2) 1.0 1.0

0(5) 2a 0.860(2) | 0.198(3) | 0.465(2) 1.0 1.0

0(6) 2a 0.680(2) | 0.183(3) | -0.010(2) 1.0 1.0
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Table A-1.3.7 Structural parameters of NaErNiWOs from the PXRD pattern refinement. Space
group: P21; a=5.3089(2) A, b =5.4858(2) A, ¢ =7.7429(2) A, = 90.215(2)°, Vol.: 225.50(1)
A3; 42 = 8.02, Bragg R-factor = 4.39 (%), Re-factor = 3.43 (%).

Atom \:)\i))gi:tkig];f X y z Biso (A2) Occ.
Nal 2a 0.240(2) | 0219(2) | 0004(1) | 25(4) | 0.97(1)
Er2 2a 0.240(2) | 0.219(2) | 0004(1) | 25(4) | 0.03(1)
Erl 2a 0.2679(3) | 0.3153(4) | 0.4998(2) | 0.45(4) | 0.97(1)
Na2 2a 0.2679(3) | 0.3153(4) | 0.4998(2) | 0.45(4) | 0.03(1)

Ni 2a 0.749(1) | 0.266(1) | 0.2472(4) | 0.35(9) 1.0
W 2a 0.7615(3) | 0.2500 | 0.7659(1) | 0.80(3) 1.0
01 2a 0.527(3) | 0532(3) | 0.707(3) 1.0 1.0
02 2a 0.547(3) | 0.570(4) | 0.286(3) 1.0 1.0
03 2a 20.055(3) | -0.056(3) | 0.207(2) 1.0 1.0
04 2a 20.092(3) | -0.065(3) | 0.797(2) 1.0 1.0
05 2a 0.853(3) | 0.209(3) | 0.495(2) 1.0 1.0
06 2a 0.674(2) | 0.266(3) | -0.010(2) 1.0 1.0

Table A-1.3.8 Structural parameters of NaTmNiWQOs from the PXRD pattern refinement.
Space group: P21; a = 5.2951(2) A, b = 5.4797(2) A, ¢ = 7.7345(2) A, g = 90.221(2)°, Vol.:
224.42(3) A3; y? = 9.5, Bragg R-factor = 6.15 (%), Re-factor = 4.21 (%).

Atom \é\gﬂ?gg X y z Biso (A2) Occ.
Nal 2a 0.257(2) | 0.200(2) | -0.0006(9) | 2.2(5) | 0.93(1)
Tm?2 2a 0.257(2) | 0.200(2) | -0.0006(9) | 2.2(5) | 0.07(1)
Tm1 2a 0.2686(3) | 0.3177(5) | 0.5001(2) | 0.30(4) | 0.93(1)
Na2 2a 0.2686(3) | 0.3177(5) | 0.5001(2) | 0.30(4) | 0.07(1)

Ni 2a 0.7439(9) | 0.265(2) | 0.2469(4) | 0.15(9) 1.0
W 2a 0.7616(3) | 02500 | 0.7665(1) | 0.91(3) 1.0
01 2a 0.529(3) | 0.567(3) | 0.708(2) 1.0 1.0
02 2a 0.589(3) | 0.557(3) | 0.277(2) 1.0 1.0
03 2a 20.054(3) | -0.038(3) | 0.200(2) 1.0 1.0
04 2a 20.086(4) | -0.071(3) | 0.806(2) 1.0 1.0
05 2a 0.846(3) | 0.194(3) | 0.492(2) 1.0 1.0
06 2a 0.665(3) | 0.259(3) | -0.001(2) 1.0 1.0
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Table A-1.3.9 Structural parameters of NaYbNiWQOs from the PXRD pattern refinement.
Space group: P2;; a = 5.2834(5) A, b = 5.4792(5) A, ¢ = 7.7284(8) A, p = 90.209(7)".
Vol.: 223.728(4) A3; ¥ = 6.95, Bragg R-factor = 3.70 (%), Ri-factor = 2.76 (%).

Atom \Qg(i:ggl;f X y z Biso (A2) Occ.
Na 2a 0.257(3) | 0229(2) | 0012(1) | 15(2) 1.0
Yb 2a 0.2624(4) | 0.3156(7) | 0.5023(2) | 0.16(3) 1.0
Ni 2a 0.752(1) | 0.256(3) | 0.2435(5) | 0.40(3) 1.0
W 2a 0.7628(4) | 0.2500 | 0.7655(2) | 0.01(7) 1.0

o(D) 2a 0.546(3) | 0560(4) | 0.673(2) 1.0 1.0

0(2) 2a 0.597(3) | 0545(3) | 0.273(2) 1.0 1.0

0(3) 2a | -0.054(3) | -0.061(3) | 0.181(2) 1.0 1.0

0(4) 2a 20.099(3) | -0.099(4) | 0.853(2) 1.0 1.0

0(5) 2a 0.871(3) | 0.184(3) | 0.475(2) 1.0 1.0

0(6) 2a 0.640(3) | 0.184(3) | -0.012(2) 1.0 1.0

Table A-1.3.10 Structural parameters of NaLuUNiWOQOs from the PXRD pattern refinement.
Space group: P21; a = 5.271(1) A, b = 5.4777(2) A, ¢ = 7.725(1) A, p = 90.192(1)°, Vol.:

223.06(5) A3; y? = 10.2, Bragg R-factor = 7.13 (%), Ri-actor = 3.76 (%).

Atom \é\g?tkig];f X y z Biso (A?) Occ.
Nal 2a 0241(2) | 0.208(2) | 0.011(1) 1.3(2) 1.0
Lul 2a 0.2678(3) | 0.3199(3) | 0.5006(2) | 0.39(3) 1.0

Ni 2a 0.749(1) | 0267(1) | 0.2483(4) | 0.02(9) 1.0
W 2a 0.762(3) 02500 | 0.7655(1) | 0.19(2) 1.0
01 2a 0572(3) | 0549(3) | 0.715(2) 1.0 1.0
02 2a 0528(3) | 0550(3) | 0.298(2) 1.0 1.0
03 2a -0.073(3) | -0.058(3) | 0.218(2) 1.0 1.0
04 2a -0.116(4) | -0.054(3) | 0.784(2) 1.0 1.0
05 2a 0.829(3) | 0212(3) | 0.501(2) 1.0 1.0
06 2a 0.673(3) | 0.269(3) | -0.019(2) 1.0 1.0
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Table A-1.3.11 The proportions of main and impurity phases are given as wt % from the
Rietveld refinement of PXRD data of NaLnNiWQs (Ln = Y, Dy-Lu).

Main phase purity

Compound %) Impurities (%)
NaYNiWOs 96.1(3) Y2WOs: 3.0(5), NiO: 0.9(6)
NaDyNiWOsg 94.3(3) Dy,WOs: 3.9(1), NiO: 1.0(1), Na;WO4-2H,0: 0.9(2)
NaHoNiWOg 97.3(3) Ho,WOs: 1.7(4), NiO: 0.5(2), Na;WO4-2H,0: 0.5(2)
NaErNiWOs 94.2(3) ErWOg: 4.7(2), NiO: 1.1(2)
NaTmNiWOs 91.4(3) Tm,WOe: 6.7(2), NiO: 1.9(2)
NaYbNiWOg 95.8(3) YbWOs: 3.3(2), NiO: 0.5(2), Na;WO,-2H,0: 0.4(2)
NaLuNiWOsg 90.3(2) LuWOs: 6.5(2), NiO: 1.8(2), Na;W0,-2H,0: 1.4(1)
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Appendix 2

Chapter 4 Structural, magnetic and electrical properties of NaLnNiWQOg (Ln =
La, Pr, Nd, Sm, Eu, Gd, and Th)

Intensity (a.u.)
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Figure A-2.4.1 Rietveld refinement on powder X-ray diffraction (PXRD) data of NaLaNiWOQOsg
sample recorded at room temperature.

Table A-2.4.1 Crystallographic parameters obtained from the Rietveld refinement on PXRD
data of NaLaNiWOs at room temperature. Reliability factors: x> = 8.9, Bragg R-factor = 5.41

(%), Rf — factor = 4.44 (%).

Atom \é)\:)):i:tkig];f X y z Biso (A2) Occ.
Nal 2a 0.252(8) | 0.253(5) | -0.002(11) | 1.01(7) | 0.824(4)
La2 2a 0.252(8) | 0.253(5) | -0.002(11) | 1.01(7) | 0.176(4)
Lal %a 0.250(2) | 0.268(1) | 0.50012(2) | 0.30(5) | 0.824(4)
Na2 2a 0.250(2) | 0.268(1) | 0.50012(2) | 0.30(5) | 0.176(4)

Ni 2a 0.749(5) | 02500 | 0.2451(9) | 0.60(1) 1.0
W 2a | 0.7498(15) | 0.2500 | 0.7652(3) | 0.36(4) 1.0
01 2a 0.489(19) | 0.50(2) | 0.714(8) 1.0 1.0
02 2a 0.49(2) | 0.488(18) | 0.251(9) 1.0 1.0
03 2a__ | -0.013(18) | -0.016(16) | 0.264(9) 1.0 1.0
04 2a__ | -0.061(11) | -0.083(9) | 0.812(3) 1.0 1.0
05 2a 0.774(13) | 0.245(8) | 0.50047 1.0 1.0
06 2a 0.714(15) | 0.220(17) | 0.005(3) 1.0 1.0
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Figure A-2.4.2 Rietveld refinement on powder X-ray diffraction (PXRD) data of NaPrNiWOe
sample recorded at room temperature.

Table A-2.4.2 Crystallographic parameters obtained from the Rietveld refinement on PXRD
data of NaPrNiWOs at room temperature. Reliability factors: y* = 6.82, Bragg R-factor = 4.63
(%), Rs — factor = 5.17 (%).

Atom \E)\:)i(i:tkig];f X y z Biso (A2) Occ.
Nal 2a 0.239(5) | 0.272(5) | 0.005(6) | 148(1) | 0.84(1)
Pr2 2a 0.239(5) | 0.272(5) | 0.005(6) | 1.48(1) | 0.16(1)
Prl 2a 0.253(2) | 0.277(1) | 0.5061(9) | 0.73(4) | 0.84(1)
Na2 2a 0.253(2) | 0.277(1) | 0.5061(9) | 0.73(4) | 0.16(1)
Ni 2a 0.745(3) | 0.25000 | 0.2415(8) | 0.23(6) 1.0
W 2a 0.7538(10) | 0.25000 | 0.7673(3) | 0.70(2) 1.0
01 2a 0.515(11) | 0.512(12) | 0.680(4) 1.0 1.0
02 2a 0.482(13) | 0.513(12) | 0.252(6) 10 1.0
03 2a 0.008(14) | -0.003(13) | 0.252(6) 1.0 1.0
04 2a 0.016(7) | -0.089(5) | 0.841(4) 10 1.0
05 2a 0.813(11) | 0.197(10) | 0.489(2) 1.0 1.0
06 2a 0.716(11) | 0.214(10) | -0.002(2) 10 1.0
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Figure A-2.4.3 Rietveld refinement on powder X-ray diffraction (PXRD) data of NaNdNiWOe
sample recorded at room temperature.

Table A-2.4.3 Crystallographic parameters obtained from the Rietveld refinement on PXRD
data of NaNdNiWOg at room temperature. Reliability factors: x> = 6.28, Bragg R-factor = 4.80
(%), Rf — factor = 4.94 (%).

Atom \E)\:)i(i:tkig];f X y z Biso (A2) Occ.
Nal 2a 0.243(5) | 0.265(4) | -0.002(4) | 1.1(4) | 0.862(1)
Nd2 2a 0.243(5) | 0.265(4) | -0.002(4) | 1.1(4) | 0.138(1)
Nd1 2a 0.253(2) | 0.277(1) | 0503(1) | 0.71(1) | 0.862(1)
Na2 2a 0.253(2) | 0.277(1) | 0503(1) | 0.71(1) | 0.138(1)

Ni 2a 0.741(2) | 0.2500 | 0.2426(7) | 0.40(1) 1.0
W 2a 0.7614(6) | 0.2500 | 0.7667(2) | 0.78(5) 1.0
01 2a 0.503(8) | 0.523(8) | 0.712(5) 10 1.0
02 2a 0.537(6) | 0.517(7) | 0.263(6) 10 1.0
03 2a -0.032(8) | -0.007(8) | 0.252(5) 1.0 1.0
04 2a 0.008(7) | -0.053(6) | 0.866(4) 10 1.0
05 2a 0.821(5) | 0.202(6) | 0.489(2) 1.0 1.0
06 2a 0.672(4) | 0.218(7) | 0.014(3) 10 1.0
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Figure A-2.4.4 Rietveld refinement on powder X-ray diffraction (PXRD) data of NaSmNiWQOsg
sample recorded at room temperature.

100

Table A-2.4.4 Crystallographic parameters obtained from the Rietveld refinement on PXRD
data of NaSmNiWQg at room temperature. Reliability factors: ¥? = 4.37, Bragg R-factor = 3.17
(%), Rs — factor = 4.1 (%).

Wyckoff

Atom poii tion X y z Biso (A2) Occ.
Nal 2a 0.248(7) | 0.253(5) | 0.002(5) | 2.6(3) | 0.902(3)
Sm2 2a 0.248(7) | 0.253(5) | 0.002(5) | 2.6(3) | 0.098(3)
Smi 2a 0.255(2) | 0.290(8) | 0.501(1) | 0.17(6) | 0.902(3)
Na2 2a 0.255(2) | 0.290(8) | 0.501(1) | 0.17(6) | 0.098(3)
Ni 2a 0.748(4) | 0.2500 0.240(1) | 0.99(2) 1.0
W 2a 0.757(1) | 0.2500 0.767(3) | 0.33(3) 1.0
01 2a 0.501(1) | 0.516(11) | 0.709(6) 1.0 1.0
02 2a 0.467(10) | 0.457(10) | 0.247(9) 10 1.0
03 2a -0.071(8) | -0.063(9) | 0.230(7) 1.0 1.0
04 2a 0.014(9) |-0.039(8) | 0.904(4) 10 1.0
05 2a 0.830(5) | 0.238(9) | 0.491(4) 1.0 1.0
06 2a 0.670(5) | 0.265(12) | 0.005(4) 1.0 1.0
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Figure A-2.4.5 Rietveld refinement on powder X-ray diffraction (PXRD) data of NaEuNiWOe
sample recorded at room temperature.

Table A-2.4.5 Crystallographic parameters obtained from the Rietveld refinement on PXRD
data of NaEuNiWOs at room temperature. Reliability factors: y* = 3.41, Bragg R-factor = 6.98
(%), Rf — factor = 5.51 (%).

Wyckoff

Atom . X y z Biso (A2) Occ.
position
Nal 2a 0.228(2) | 0.2217(16) | 0.0081(14) | 1.7(2) | 0.888(1)
Eu2 2a 0.228(2) | 0.2217(16) | 0.0081(14) | 1.7(2) | 0.112(1)
Eul %a 0.2566(7) | 0.3018(4) | 0.5021(5) | 0.62(4) | 0.888(1)
Na2 2a 0.2566(7) | 0.3018(4) | 0.5021(5) | 0.62(4) | 0.112(1)
Ni 2a_ | 0.7503(16) | 0.25000 | 0.2402(6) | 0.25(7) 10
W 2a 0.7589(5) | 0.25000 | 0.7681(2) | 0.73(3) 1.0
01 2a 0.520(5) | 0.539(5) | 0.706(5) 10 1.0
02 2a 0.528(4) | 0.526(5) | 0.291(5) 1.0 1.0
03 2a 20.048(4) | -0.036(5) | 0.229(4) 1.0 1.0
04 2a 20.030(5) | -0.039(4) | 0.816(3) 1.0 1.0
05 2a 0.835(3) | 0.183(4) | 0.491(2) 1.0 1.0
06 2a 0.668(3) | 0.236(4) | 0.002(2) 1.0 1.0
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Figure A-2.4.6 Rietveld refinement on powder X-ray diffraction (PXRD) data of NaGdNiWOeg
sample recorded at room temperature.

Table A-2.4.6 Crystallographic parameters obtained from the Rietveld refinement on PXRD
data of NaGdNiWOgs at room temperature. Reliability factors: ¥ = 5.38, Bragg R-factor = 5.92
(%), Rf — factor = 4.85 (%).

Wyckoff

Atom . X y z Biso (A2) Occ.
position

Nal 2a 0.240(4) | 0.217(2) | 0003(2) | 17(2) | 0.918(2)
Gd2 2a 0.240(4) | 0.217(2) | 0003(2) | 17(2) | 0.082(2)
Gdl 2a 0.2612(9) | 0.3032(5) | 0.5000(6) | 0.17(6) | 0.918(2)
Na2 2a 0.2612(9) | 0.3032(5) | 0.5000(6) | 0.17(6) | 0.082(2)
Ni 2a 0.754(2) | 02500 | 0.2422(9) | 0.41(10) 1.0
W 2a 0.7612(6) | 02500 | 0.7679(3) | 0.65(4) 1.0
01 2a 0.504(7) | 0.534(6) | 0.710(9) 1.0 1.0
02 2a 0.518(7) | 0.517(6) | 0.286(9) 1.0 1.0
03 2a 20.047(8) | -0.044(5) | 0.212(6) 1.0 1.0
04 2a 20.038(6) | -0.050(5) | 0.800(6) 1.0 1.0
05 2a 0.836(4) | 0.205(4) | 0.487(3) 1.0 1.0
06 2a 0.653(4) | 0.357(5) | 0.005(4) 1.0 1.0
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Figure A-2.4.7 Rietveld refinement on powder X-ray diffraction (PXRD) data of NaTbNiWOe
sample recorded at room temperature.

Table A-2.4.7 Crystallographic parameters obtained from the Rietveld refinement on PXRD
data of NaTbNiWOs at room temperature. Reliability factors: y~ = 2.84, Bragg R-factor = 5.87
(%), R¢ — factor = 4.48 (%).

Atom \E)\:))gi:tkig];f X y z Biso (A2) Occ.
Nal 2a 0.239(2) | 0.2045(2) | 0.0310 24(2) | 0.922(2)
Th2 2a 0.239(2) | 0.2045(2) | 0.003(1) | 2.4(2) | 0.077(2)
Tbl 2a 0.2610(5) | 0.3052(4) | 0.5003(3) | 0.12(3) | 0.922 (2)
Na2 2a 0.2610(5) | 0.3052(4) | 0.5003(3) | 0.12(3) | 0.077 (2)

Ni 2a 0.752(1) | 0.2500 | 0.2446(5) | 0.11(9) 1.0
W 2a 0.7607(3) | 0.2500 | 0.7674(2) | 0.08(4) 1.0
01 2a 0.534(4) | 0.545(4) | 0.702(3) 1.0 1.0
02 2a 0.555(4) | 0.548(4) | 0.289(3) 10 1.0
03 2a -0.051(4) | -0.038(4) | 0.206(3) 1.0 1.0
04 2a -0.058(5) | -0.062(4) | 0.804(3) 10 1.0
05 2a 0.848(3) | 0.204(4) | 0.493(2) 1.0 1.0
06 2a 0.672(3) | 0.264(5) | 0.001(2) 10 1.0
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Table A-2.4.8 The proportions of main and impurity phases are given as wt % from the
Rietveld refinement of PXRD data of NaLnNiWOe (Ln = La, Pr, Nd, Sm, Eu, Gd, and Th).

Main
phase

purity
(%)
NLaNiWOs 97.4(6) | La2WOe: 0.5(1), NiO: 1(1), Na2WO4-2H20: 1(1)

NaPrNiwOs | 97.3(3) | NiO: 2.4(1), NazWO4-2H,0: 0.3(1)
NaNdNiWOs | 99(3) NiO: 1(1)

NaSmNiWOs | 99.5(5) | NiO: 0.5( 1)

NaEuNiWOs | 98.8(2) | NiO: 0.9(2), NazWO4-2H,0: 0.4(2)

NaGdNiWOs | 96.5(3) | Gd2WOs: 0.8(2), NiO: 1.3(1), NaaWO4-2H20: 1.5(1)
NaTbNiWOs | 98.3(2) | ThaWOs: 0.80(2), NiO: 0.4(2), Na;WO4-2H,0: 0.5(2)

Compound Impurities (%)
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Chapter 5 Switchable, nonswitchable polarization in NaLnCoWOg (Ln =Y, Er,
Tm, Yb, and Lu), NaLuMnWOs, and magnetodielectric properties of
NaLnFeWQOg (Ln =Y, Ho)
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Figure A-3.5.1 Rietveld refined powder x-ray diffraction data collected at room temperature.

Table A-3.5.1 Structural parameters of NaErCoWOs obtained from the Rietveld refinement.

Reliability factors: y? = 3.24, Bragg R-factor = 7.46 (%), Rs — factor = 8.82 (%).

Wyckoff

Atom " X y z Biso (A2) Occ.
position

Nal 2a 0.231(2) | 0.208(2) | 0.008(1) | 2.01(5) | 0.95(1)
Er2 2a 0.231(2) | 0.208(2) | 0.008(1) | 2.01(5) | 0.05(1)
Erl 2a 0.2653(5) | 0.3190(5) | 0.5007(3) | 0.08(4) | 0.95(1)
Na2 2a 0.2653(5) | 0.3190(5) | 0.5007(3) | 0.08(4) | 0.05(1)
Co 2a 0.753(1) | 0.269(2) | 0.2435(5) | 0.31(1) 1.0
W 2a 0.7632(4) | 0.25000 | 0.7647(2) | 0.69(3) 1.0
01 2a 0.545(4) | 0.558(4) | 0.720(3) 1.0 1.0
02 2a 0.533(4) | 0.540(4) | 0.282(3) 1.0 1.0
03 2a 20.076(4) | -0.061(3) | 0.216(2) 1.0 1.0
04 2a 20.098(4) | -0.049(3) | 0.791(2) 1.0 1.0
05 2a 0.845(3) | 0.183(3) | 0.499(2) 1.0 1.0
06 2a 0.682(3) | 0.265(4) | -0.012(2) 1.0 1.0
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Figure A-3.5.2 Rietveld refined powder x-ray diffraction data collected at room temperature.

Table A-3.5.2 Structural parameters of NaYbCoWOs obtained from the Rietveld refinement.
Reliability factors: y? = 5.87, Bragg R-factor = 13.5 (%), Rt — factor = 12.0 (%).

Wyckoff

Atom " X y z Biso (A2) Occ.
position

Nal 2a 0.216(4) | 0.211(3) | 0.015(2) | 091(1) | 0.96(1)
Yb2 2a 0.216(4) | 0.211(3) | 0.015(2) | 0.91(1) | 0.04(1)
Ybl 2a 0.2622(8) | 0.3144(6) | 0.5023(5) | 0.23(8) | 0.96(1)
Na2 2a 0.2622(8) | 0.3144(6) | 0.5023(5) | 0.23(8) | 0.04(1)
Co 2a 0.752(3) | 0.2476 | 0.243(1) | 0.24(6) 1.0
W 2a 0.7634(7) | 0.2500 | 0.7622(3) | 0.27(7) 1.0
01 2a 0.548(6) | 0.5584(6) | 0.716(4) 1.0 1.0
02 2a 0.611(5) | 0582(5) | 0.276(4) 1.0 1.0
03 2a 20.0755(7) | -0.0605(4) | 0.214(4) 1.0 1.0
04 2a 20.0436(7) | -0.0579(4) | 0.790(4) 1.0 1.0
05 2a 0.830(5) | 0.234(6) | 0.498(4) 1.0 1.0
06 2a 0.676(5) | 0.259(7) | -0.003(3) 1.0 1.0
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Table A-3.5.3 Structural parameters of NaTmCoWOe obtained from the Rietveld refinement.
Reliability factors: y? = 5, Bragg R-factor = 9.29 (%), Ry — factor = 11.2 (%).

Atom \:)\i)i(i:tl?g];f X y z Biso (A2) Occ.
Nal 2a 0.226(3) | 0.181(2) | 0.011(2) | 2.28(6) | 0.93(1)
Tm?2 2a 0.226(3) | 0.181(2) | 0.011(2) | 2.28(6) | 0.07(1)
Tmil 2a 0.2633(6) | 0.314(1) | 0.5016(3) | 0.47(4) | 0.93(1)
Na2 2a 0.2633(6) | 0.314(1) | 0.5016(3) | 0.47(4) | 0.07(1)

Co 2a 0.755(2) | 0.255(5) | 0.2403(7) | 0.52(8) 1.0
W 2a 0.7643(4) | 0.2500 | 0.7640(2) | 0.54(3) 1.0
01 2a 0.538(4) | 0.561(4) | 0.729(3) 1.0 1.0
02 2a 0.560(4) | 0.560(4) | 0.266(3) 1.0 1.0
03 2a 20.095(5) | -0.061(4) | 0.199(2) 1.0 1.0
04 2a 20.096(5) | -0.075(4) | 0.801(2) 10 1.0
05 2a 0.853(4) | 0.193(4) | 0.498(2) 1.0 1.0
06 2a 0.685(3) | 0.271(5) | -0.009(2) 1.0 1.0

Table A-3.5.4 Structural parameters of NaLuCoWOs obtained from the Rietveld refinement.

Reliability factors: y? = 3.86, Bragg R-factor = 6.43 (%), Rs— factor = 6.18 (%).

Wyckoff

Atom o X y z Biso (A2) Occ.
position

Nal 2a 0.219(3) | 0.211(2) | 0.009(2) | 1.70(2) | 0.90(1)
Lu2 2a 0.219(3) | 0.211(2) | 0.009(2) | 170(2) | 0.10(1)
Lul 2a 0.2596(8) | 0.3181(5) | 0.5017(5) | 0.48(5) | 0.90(1)
Na2 2a 0.2596(8) | 0.3181(5) | 0.5017(5) | 0.48(5) | 0.10(1)
Co 2a 0.751(2) | 02500 | 0.241(1) | 0.42(2) 1.0
W 2a 0.7654(6) | 0.2500 | 0.7636(3) | 0.19(3) 1.0
01 2a 0.561(5) | 0.621(5) | 0.733(4) 1.0 1.0
02 2a 0.582(6) | 0.549(5) | 0.269(4) 1.0 1.0
03 2a -0.090(7) | -0.0605 | 0.202(4) 1.0 1.0
04 2a -0.072(6) | -0.0487 | 0.815(4) 1.0 1.0
05 2a 0.844(5) | 0.190(5) | 0.489(4) 1.0 1.0
06 2a 0.666(4) | 0.272(6) | -0.009(4) 1.0 1.0
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Table A-3.5.5 Structural parameters of NaLuMnWOg obtained from the Rietveld refinement.
Reliability factors: y* = 10.7, Bragg R-factor = 12.3 (%), Rs — factor = 9.14 (%).

Atom \:)\i)i(i:tl?g];f X y z Biso (A2) Occ.
Nal 2a 0.23067 | 0.208(3) | 0.009(2) | 170(2) | 0.91(1)
Lu2 2a 0.23067 | 0.208(3) | 0.009(2) | 1.70(2) | 0.09(1)
Lul 2a 0.2657(6) | 0.3166(6) | 0.5034(4) | 0.48(5) | 0.91(1)
Na2 2a 0.2657(6) | 0.3166(6) | 0.5034(4) | 0.48(5) | 0.09(1)
Mn 2a 0.748(2) | 02500 | 0.237(1) | 0.42(2) 1.0
W 2a 0.7673(7) | 0.2500 | 0.7574(4) | 0.19(3) 1.0
01 2a 0.530(7) | 051868 | 0.736(4) 1.0 1.0
02 2a 0.557(6) | 053297 | 0.266(4) 1.0 1.0
03 2a 20.132(6) | -0.078(4) | 0.222(3) 1.0 1.0
04 2a 20.074(7) | -0.0487 | 0.796(3) 10 1.0
05 2a 0.836(5) | 0.240(6) | 0.498(3) 1.0 1.0
06 2a 0.665(5) | 0.276(7) | -0.003(3) 1.0 1.0

Table A-3.5.6 The proportions of main and impurity phases are given as wt % from the
Rietveld refinement of PXRD data of NaLnCoWOs (Ln = Er, Tm, Yb, and Lu) and
NaLuMnWQe.

Compound Main phase Impurities (%)

purity (%)

NErCoWOsg 96.6(3) EraWOe: 2.4(1), Na,WO4-2H20: 1.0(1)
NaTmCoWOs 93.3(3) TmaWOe: 3.6(2), CoO: 0.5(2), NaW0O4-2H20: 2.6(2)
NaYbCoWOs 97.5(4) Yb2WOes: 2.5(1)

NaLuCoWOs 95.7(5) Lu2WOs: 3.7(2), NapWO4-2H,0: 0.6(1)
NaLuMnWOQsg 91.6(4) Lu2WOes: 8.2(1), NaWO4-2H20: 0.2(2)

Table A-3.5.7 Structural parameters of NaYFeWOs obtained from the Rietveld refinement.
Reliability factors: x° = 3.07, Bragg R-factor = 2.57 (%), R — factor = 2.31 (%).

Wyckoff

Atom . X y z Biso (A2) Occ.
position

Nal 2a 0.2534(1) | 0217(2) | 0.008(1) | 2.7(3) | 0.905(3)
Y2 2a 0.253(2) | 0.217(2) | 0.008(1) | 2.7(3) | 0.095(3)
Y1 2a 0.2666(6) | 0.3119(9) | 0.5014(4) | 0.77(8) | 0.905(3)
Na2 2a 0.2666(6) | 0.3119(9) | 0.5014(4) | 0.77(8) | 0.095(3)
Fe 2a 0.752(1) | 0.260(4) | 0.2440(6) | 0.88(9) 1.0
W 2a 0.7644(3) | 0.25000 | 0.7617(2) | 1.23(2) 1.0
01 2a 0.500(3) | 0.572(3) | 0.696(2) 1.0 1.0
02 2a 0.564(2) | 0567(3) | 0.293(2) 1.0 1.0
03 2a 20.037(3) | -0.050(3) | 0.220(2) 1.0 1.0
04 2a 20.097(3) | -0.042(2) | 0.784(2) 1.0 1.0
05 2a 0.876(2) | 0.197(3) | 0.489(2) 1.0 1.0
06 2a 0.701(2) | 0.258(3) | -0.003(2) 1.0 1.0
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Table A-3.5.8 Structural parameters of NaHoFeWOs obtained from the Rietveld refinement.
Reliability factors: y? = 3.77, Bragg R-factor = 4.85 (%), Rs — factor = 4.01 (%).

Wyckoff

Atom . X y z Biso (A2) Occ.
position

Nal 2a 0.245(2) | 0.234(1) | 0007(1) | 2.1(3) | 0.869(1)
Ho2 2a 0.245(2) | 0.234(1) | 0007(1) | 2.1(3) | 0.31(1)
Hol 2a 0.2640(6) | 0.3152(3) | 0.5015(4) | 0.81(9) | 0.869(1)
Na2 2a 0.2640(6) | 0.3152(3) | 0.5015(4) | 0.81(9) | 0.131(1)
Fe 2a 0.743(1) | 02500 | 0.2394(6) | 0.40(8) 1.0
W 2a 0.7667(3) | 0.2500 | 0.7617(2) | 0.61(3) 1.0
01 2a 0.520(4) | 0.552(3) | 0.706(4) 1.0 1.0
02 2a 0.546(3) | 0.535(3) | 0.282(4) 1.0 1.0
03 2a 20.081(3) | -0.062(3) | 0.222(3) 1.0 1.0
04 2a 20.077(4) | -0.068(3) | 0.795(3) 1.0 1.0
05 2a 0.857(4) | 0.166(3) | 0.486(2) 1.0 1.0
06 2a 0.692(3) | 0.259(3) | 0.002(2) 1.0 1.0

Table A-3.5.9 The proportions of main and impurity phases are given as wt % from Rietveld
refinement of PXRD data of NaYFeWOs and NaHoFeWOe.

Compound Main phase purity (%) Impurities (%)
NYFeWOs 87.4(2) Y2WOe: 11.2(1), KCI: 1.4(1)
NaHoFeWOs 89.0(2) HooWOe: 9.2(1), KCI: 1.8(1)
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Chapter 6 Magnetization plateau, magnetocaloric and multiferroic properties of
LiFeV207

Table A-4.6.1 Crystallographic parameters of LiFeV.0O7 from the refinement of PXRD data
collected at room temperature.

Atom \Qg;?:(ig];f X y z Biso (A2%) Occ.
Fel 4a 0502(7) | 0.804(2) | 0.376(6) | 0.53(1) 1.0
Fe2 4a 0.853(7) | 0.823(1) | 0.545(7) | 0.92(6) 1.0
Fe3 4a 0.703(7) | 0.308(2) | 0.715(6) | 0.11(7) 1.0
V1 4a 0.428(7) | 1.025(2) | 0.183(6) | 1.0000 1.0
V2 4a 0.712(7) | 0.965(1) | 0.361(6) | 1.0000 1.0
V3 4a 0572(6) | 0.467(2) | 0523(6) | 1.0000 1.0
V4 4a 0.633(7) | 0.950(2) | 0.576(6) | 1.0000 1.0
\/5 4a 0.276(6) | 0.974(2) | 0.411(6) | 1.0000 1.0
\/6 4a 0.409(7) | 0.461(2) | 0.245(6) | 1.0000 1.0
01 4a 0.485(7) | 0.315(6) | 0.477(7) | 1.0000 1.0
02 4a 0.331(7) | 1.149(7) | 0.154(6) | 1.0000 1.0
03 4a 0.235(7) | 0.982(6) | 0.300(7) | 1.0000 1.0
04 4a 0.404(7) | 0.490(6) | 0.128(7) | 1.0000 1.0
05 4a 0.426(7) | 0.638(6) | 0.292(7) | 1.0000 1.0
06 4a 0.289(8) | 1.163(6) | 0.461(7) | 1.0000 1.0
07 4a 0.522(7) | 0.900(5) | 0.625(6) | 1.0000 1.0
08 4a 0.620(7) | 0.792(6) | 0.313(7) | 1.0000 1.0
09 4a 0.591(7) | 0.976(5) | 0.447(7) | 1.0000 1.0
010 4a 0.687(8) | 1.150(6) | 0.300(6) | 1.0000 1.0
011 4a 0.660(8) | 1.142(7) | 0.604(6) | 1.0000 1.0
012 4a 0.666(9) | 0.379(4) | 0.451(7) | 1.0000 1.0
013 4a 0.302(7) | 0.362(5) | 0.288(6) | 1.0000 1.0
014 4a 0.516(7) | 0.368(6) | 0.274(7) | 1.0000 1.0
015 4a 0.458(7) | 1.002(6) | 0.302(7) | 1.0000 1.0
016 4a 0.536(7) | 0.642(7) | 0.485(7) | 1.0000 1.0
017 4a 0.397(7) | 0.847(7) | 0.139(6) | 1.0000 1.0
018 4a 0.794(7) | 1.004(6) | 0.461(7) | 1.0000 1.0
019 4a 0.615(8) | 0.455(6) | 0.643(7) | 1.0000 1.0
020 4a 0.381(8) | 0.859(5) | 0.427(7) | 1.0000 1.0
021 4a 0.718(7) | 0.823(7) | 0596(7) | 1.0000 1.0
Li1 4a 0.685(1) | 0.699(6) | 0.699(8) | 1.0000 1.0
Li2 4a 0.341(7) | 0.307(7) | 0.040(6) | 1.0000 1.0
Li3 4a 0.549(6) | 0.181(8) | 0.379(7) | 1.0000 1.0

Space group: Cc; a = 13.4560(2) A, b = 8.1875(2)A, ¢ = 14.3796(1) A, p = 96.551(1)°. Vol.:
1573.87(2)A3; Reliability factors: ¥? = 2.94, Bragg R-factor = 3.91 (%), Rt — factor = 3.52 (%).
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