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Chapter 1 Introduction

Chapter 1

Introduction

1.1 A Brief History of Multiferroics

In recent times, scientists and engineers are engaged in extensive research to discover
materials with new properties that have a direct bearing on the advancement of technology.
Magnetoelectric multiferroics constitute a class of novel materials in which interaction
between coupled electric and magnetic dipoles (with two order parameters) leads to
magnetoelectric effect [1-5]. As we all know that electricity and magnetism plays a very
important role in our day to day life. In fact, thinking about the absence of these would
make a vast difference on our lives. As per the opinion of Daniel Khomskii, electricity and
magnetism were combined into one collective order way back in the early 19" century
which was described in the form of Maxwell’s equation. However, researchers thought it
would be difficult to find a material that can combine the properties of ferroics which are
ferroelectricity, ferromagnetism and ferroelasticity [1]. The popularity of multiferroics
became more since when Hans Christian Oersted accidentally discovered it in 1820 when
he was switching on/off the battery kept nearby the compass needle. He found that the
needle of the compass deflected by the switching of the battery. Only after studying for 40
years by many scientists including Andre Marie Ampere, Michael Faraday and James

Maxwell on multiferroics approved the result as a Maxwell’s unified theory [2].
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1.2 Present Discussion on Multiferroics

For the fulfillment of the needs of human race and the environment, innumerable amount
of research has been made and is still on go. One of the most talked topic where the
compound consist a substantial range of properties including, superconductivity,
ferroelectricity, magneto resistance, strongly correlated electron behavior, magnetism etc.
is multiferroic material. So basically, multiferroic material is a material which consists of
more than one ferroic nature and that may be ferroelectricity, ferromagnetic or ferroelastic.
Ferroic is a material that acquires a spontaneous, switchable internal alignment that may
be spin or charge by some external field. However in our current discussion/work we are
excluding the ferroelasticity. Instead, the thesis work has been focused mainly on
ferromagnetic and ferroelectricity. The accepted definition for ferroelectricity is the one
which undergoes a phase transition from a high-temperature phase that behaves as an
ordinary dielectric (so that an applied electric field induces an electric polarization, which
goes to zero when the field is removed) to a low-temperature phase that has a spontaneous
polarization whose direction can be switched by an applied field [3]. In ferroelectricity,
the internal charge can be adjusted by the external electric field. And also, ferrocelectricity
occurs when the metal ions have empty d shell-orbital [4]. On the other hand, a
ferromagnetic material is one that undergoes a phase transition from a high temperature
phase that does not have a macroscopic magnetic moment to a low temperature phase that
has a spontaneous magnetization even in the absence of an applied magnetic field [3]. And
also, the ferromagnetic nature occurs when the metal cations have partially filled d-orbital.
In ferromagnetic, the internal spin can be aligned by the external magnetic field. In recent

years, with a high demanding technology, one of the interesting tasks is to create a storage
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media (like hard drive) with higher density. Currently, besides ferromagnetic, ferroelectric

is the material that are highly used for the data storage media in gadgets.

RN
ARAR
NN

111

Ferromagnetic Ferroelectric

Fig.1. Structure of ferromagnetic and ferroelectric

So it began as the matter of concern to think about the combination of the properties of
ferromagnetic and ferroelectric to get unique material that can provide both nature of
ferromagnetic as well as ferroelectric. Figure 1 is the simplest structure of ferromagnetic
material and ferroelectric material. In addition the management of replacing the magnetic
field by electric field pulse to control the magnetic state would lead to reduced power
consumption which indirectly helps in economic growth. On the other hand, combination
of magnetism and electricity can also be found in some other material such as

magnetoelectric material and electromagnetic material. These materials almost have the
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same properties as of multiferroic material. In magnetoelectric material the electric dipoles
are controlled by external magnetic field where as in electromagnetic material the magnetic
dipoles are controlled only by an external electric field. But in multiferroic material
magnetization is controlled by both electric field and magnetic field and polarization is
controlled by both magnetic field and electric field. In other words we can say that, when
these two phenomena i.e. magnetoelectric and electromagnetic are present in the same
material, it is called as multiferroic material [5, 6]. Magnetoelectric and electromagnetic
materials form a compact subclass of multiferroics. In these materials, there is a fusion
between the electric and magnetic order parameters, and the application of a magnetic field
induces electric polarization. In magneto dielectrics, the capacitance of a material is
affected by an external magnetic field. A multiferroic may or may not be magnetoelectric
but may exhibit magneto capacitance. We must note that the magneto dielectric effect can
also have a resistive origin arising from the Maxwell-Wagner effect and magnetoresistance
[7]. Figure 2 shows the absolute representation of multiferroic orderings where yellow loop
is the ferroelectric material and blue loop is the ferromagnetic material and green one is
the multiferroic ordering. As we can see clearly that in ferroelectric, the polarization is
control by electric field and in ferromagnetism; the magnetization is control by magnetic
field. But in case of multiferroic material, the polarization is control by electric field as
well as magnetic field. And also there magnetization is control by magnetic field as well
as electric field. [1]. Basically, in a proper and clear way if we want to understand the
phenomena of multiferroic materials we have to go through a term electromagnetic and

magnetoelectricity. If there is a material with an electric dipole with a different direction
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that state is called as paraelectric and when it orients in a same direction, it is known as

ferroelectric state.

Fig.2. Multiferroics combines the properties of ferroelectrics and ferromagnetics
Now, if we can be able to orient the direction of this dipole according to our own way by
applying external magnetic field then this will be called as magnetoelectric effect. In the
same way, when we can control the magnetic dipole by applying an external electric field
then it can be called as electromagnetic effect. So when these two phenomena exist in the
same material we can consider that to be a multiferroic material. The first multiferroic
material was confirmed in the year of 1959 — 1960. The theoretical parts were pledged by
Dzyaloshinskii and the experimental part by Astrov. In general, the multiferroic material
describes the coupling between the magnetic field and an electric field. Below is the

equation which relates the work of electric field and magnetic field, these equations from
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1-3 were found by landau which is also known as landau theory of equation for magneto

electric effect [8]

=2 = 1 1 1 1
P(E,H) = Fo-P E;- M{ H;- < eoei; EiEj- < popijHiHj- oy EvHy-— Buji EiHiHy- S vijicHi Ef E

(D)

Where, Fois the ground state free energy

Subscripts (i, j, k) refer to the three components of a variable in spatial coordinates.
Eiand Hi are the components of the electric field E and magnetic field H, respectively;

P? And M} are the components of the spontaneous polarization P*and magnetization M*
U, are the dielectric and magnetic susceptibilities,

Bijx and y;jy are the third-order tensor coefficients and,

Most importantly, a;; is the component of tensor @. The tensor @ corresponds to induction
of Polarization by a magnetic field or magnetization by an electric field which is designated
as the linear magneto electric effect. The rest of the terms in the preceding equations
correspond to the high-order magnetoelectric effects parameterized by tensors g and y.

The differentiation of equation (1) leads to the polarization

oF 1
P; (E, H)= 35, P} +eoeijEj + ayjHj + 2 BijicHiHye + vijpc HiEjt.. (2

And to the magnetization,

oF 1
M;(E, H) = - L M; + popijHy + aijEj + BijcHiE; +5 Vi EjExt. ., I E))
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1.3 Types of Multiferroics

Researchers already found out that the multiferroics are divided into two groups which are

Type-1 Multiferroics and Type-1l1 multiferroics.

Type-1 Multiferroics: As per the research till now, the ferromagnetism and
ferroelectricity have different origin in type-1 multiferroics and often occurs due to a
different active sub system of a material. The ferroelectricity can have much microscopic
origin in this type of multiferroics. Also in such type of multiferroics, magnetic order
parameters, breaking spatial inversion symmetry, breaking time reversal symmetry and the
ferroelectric parameter coexists and have certain coupling between them. The
ferroelectricity is generated due to (i) the compound like BaTiOswhere the transition metal
(TM) with d° configuration is present (ii) the presence of lone pairs of Bi**and Pb?*where
the ferroelectric (FE) is predominant (iii) the presence of geometric ferroelectricity such
as in YMnO3s compound, where FE is caused by a rotation of rigid M -O polyhedra (in this
case MnOs trigonal bi-pyramids). To make it clear, in this type-1 multiferroic material the

ordering of ferroelectricity is very much higher than that of the ferromagnetic ordering.

Type-11 multiferroics: For Type-1I multiferroic material there is a condition where the
ferroelectricity can occur only in the magnetically ordered state that is at the same
temperature FE sets in as a certain type of magnetic ordering and is driven by it. Type-I1I
multiferroicity can give rise up by, for example, Spiral magnetic ordering, there may have
two microscopic origins for magnetically driven FE in type-Il1 multiferroics. Probably the
most common among them works in systems like NisV20s, MNWO4 and TbMnOs in

multiferroic pyroxenes and in some other systems. Inverse Dzyaloshinskii- Moriya effect
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interaction is the mechanism of FE materials. And it usually operates in systems with non-

collinear, usually spiral magnetic structures of a certain type. It requires the direct action

of the relativistic spin-orbit interaction. A second possible mechanism does not require the

presence of spin-orbit coupling: and works for collinear magnetic structures and it is based

on magnetostriction. To have a multiferroic behavior for the magnetostriction, the presence

of inequivalent magnetic ions is required, with different charges. These, in turn, may be

either just different TM ions, or the same element in different valence states [9]. Below we

have given few points that could enlighten us the difference between Types-I and Type-II

multiferroics [1].

Table 1: Difference between Types-I and Type-1l multiferroics.

Type-I

Type-II

» weak coupling of ferroelectricity
and magnetism

» ferroelectricity at higher T than
magnetism

» large P(polarization)

> “old” multiferroics

strong  coupling:  polarization
changes with H field
ferroelectricity in low-temperature
regime

weak P(polarization)

“new” multiferroics

And also, we have listed some already existed multiferroics compound in table 2 [10].

Among all the mentioned multi-ferroics listed below, BiFeOs is the only material that is

both magnetic and strong ferroelectric at room temperature. As a result; it has an impact
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on the field of multi-ferroics that is comparable to that of yttrium barium copper oxide
(YBCO) on superconductors, with hundreds of publications devoted to it in the recent past

[11].

Table 2: Some common multiferroic with their Tc, Tn and polarization

Sl. Material | Tre(K) | TM(K) | P(uCcm?)
No.

1 BiFeOs 1100 643 6.1

2 YMnOs3 914 76 5.5

3 HoMnO3 875 72 5.6

4 TbhMnO3 28 41 0.06

5 ThMn2Os 38 43 0.04

6 NizV20s 6.3 9.1 0.01

1.4  Advantages, Disadvantages and Applications of Multiferroic Materials

Since the past decade, the dramatic progresses in the fundamental physics of magneto
electrics and multiferroics have become very high and sensible. The first initial starter from
a technology perspective for multiferroic materials was the potential to control and
manipulate ferromagnetism with electric fields. This became one of the most important
topics to focus because of its tremendous impact in areas as diverse as sensing, information
storage, actuation, and spintronics due to the significance of less power consumption where

the magnetic spins are controlled more by the electric field than the magnetic-field, which
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requires electric currents to generate the magnetic fields [12, 13]. The most challenging
and the demanding task for the researchers is to find the mechanism that gives a large
coupled magnetization and polarization, merged with large susceptibilities at low magnetic
field or electric field which should be at room temperature. Though, in literature there may
have some results of single phase room temperature multiferroics but still the production
IS quite hard as for the reports of room temperature superconductors. Yet, multiferroics
continue to disclose the degree of realism, unlike in physics and the capable applications
of multiferroics are stretched far beyond the electrical control of ferromagnetism. The
current or recent discoveries such as electrical conduction, magneto transport, and the
vortex formation forward the possibility of electrically controllable nanoscale storage or
logic elements. In multiferroic structures the electrical control of resonances has already
led to prototypes of electrically controlled microwave devices. The antiferromagnetic
resonance frequencies ranges between the hundreds of giga-hertz in the orthoferrites (the
parent compounds of BiFeOs) suggesting the possibility of controlled electric-field
frequencies up to tera-hertz, an area that is essentially unexplored. The palette of
parameters for tuning, coupling, and controlling functionalities can be extended by the
range of addressable order parameters including orbital ordering, chirality and toroidal or
higher-order multipolar orderings, and identifying their associated conjugate fields. The
recent progress on the basic materials on aspects of physics may lead to the stimulation of
the physics community to exploit entirely new device paradigms for the cause of novel and
unique functionalities of multiferroics [14]. Usually a multiferroic material that we have
studied falls into a class of materials known as complex oxides. These are the compounds

with the fusion of two or more metal cations (mostly 3d-4f) and oxygen. It is a matter of
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fact that, complex oxides are attractive because of their chemically inert and non-toxic
nature and abundance of their constituent elements. Scientifically, the intermediate ionic-
covalent nature of transition metal-oxygen bonds leads to strong polarizability which could
cause a super exchange interaction between the transition metal ions which is an advisable
property in ferroelectrics. The highly localized transition-metal 3d electrons leads to the
so-called strong correlation physics commonly associated with exotic magnetic behavior.
But also worthy of exploration are other material classes, including fluorides, which
featured prominently in the early history of multiferroics, and organics and selenides,

which are currently showing promising early results [15, 16].

1.5 Rare earth and transition metals

Rare earths are a chain of chemical elements found in the earth’s crust that are essential to
many modern technologies, including computers and networks, consumer electronics,
environmental mitigation, communications, clean energy, advanced transportation,
national defense, health care and many others. Not only that, because of their unique
electrochemical properties, magnetic and luminescent, these elements help many
technologies to perform with reduced weight, reduced emissions, and energy consumption;
or give them greater efficiency, performance, miniaturization, speed, durability, and
thermal stability. And also, rare earth enabled products and technologies to enhance fuel
global economic growth, maintain high standards of living, and even save lives. There are
16 elements that are considered to be rare earth elements, 14 elements in the lanthanide
series and two additional elements which are yttrium and lanthanum, that share similar

chemical properties.

11
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Table 3: List of rare earth elements with their properties [17].

Sl RE symbol | Atom. | Heavy/ | Atom. Melting | Elec.
No. elements No. light weight | point conf.
(O (R*)
1 Yittrium Y 39 Heavy | 88.90 522 4d'5s?
2 Lanthanum La 57 Light 138.90 | 918 5d'6s?
3 Cerium Ce 58 Light 140.11 | 798 4fl6s?
4 Praseodymium | Pr 59 Light 140.90 | 931 4f2 652
5 Neodymium Nd 60 Light 14424 | 1021 413 6s?
6 Promethium Pm 61 Light 145.00 | 1042 4% 652
7 Samarium Sm 62 Light 150.36 | 1074 4f° 6s?
8 Europium Eu 63 Light 151.96 | 822 415 6s?
9 Gadolinium Gd 64 Heavy |157.25 |1313 Af7 6s?
10 Terbium Tb 65 Heavy |158.92 | 1356 418 6s?
11 Dysprosium Dy 66 Heavy |162.50 |1412 419 6s?
12 Holmium Ho 67 Heavy |164.93 | 1474 4f10 6s?
13 Erbium Er 68 Heavy |167.26 | 1529 4f1 6s?
14 Thulium m 69 Heavy |168.93 | 1545 4f12 6s?
15 Yitterbium Yb 70 Heavy |173.04 |819 4f8 6s?
16 Lutetium Lu 71 Heavy |174.97 | 1663 4fl45qt
6s?

12
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The total number of rare earth elements is listed in the table. The rare earths form a
remarkable interesting group of elements in the so far listed periodic table. Almost all the
rare earths have three electrons in the conduction band or valence shell, starting from
cerium to lutetium, as the atomic number increases the inner 4f shell is gradually filled up.
The interesting features in the field of electric and magnetic properties of rare earths are
mostly arising from the unfilled 4f shell. To make it clear, we can say that the properties
have a smooth dependence on the number of electrons in the shell. Usually at room
temperature, most of the rare earth metals are paramagnetic in nature [17]. When the
temperature is lowered than the room temperature the particular rare earths such as
dysprosium, holmium, erbium and thulium exhibit a transition to an ordered magnetic state
and have a very complicated structure known as antiferromagnetic. But on decreasing the
temperature gradually it faces another transition and become ferromagnetic in nature. On
the other hand, gadolinium and terbium become ferromagnetic below 289 K and 230 K
respectively. Around 10 K cerium, neodymium, and samarium transform into
antiferromagnetic in nature. According to the literature, no other ordered state has been
found in other elements of the group. The magnetic properties that we have observed in
these elements are primarily due to the incomplete shell. The basic concept to find the
magnetic moment per atom is the number of electrons in the 4f shell according to the
Russell-Saunders coupling scheme. But, in order to understand the antiferromagnetic or
ferromagnetic coupling in magnetic rare earth elements we have to consider the other
effects also. As we already know that in this kind of metals the 5s and 5p shells are
completely surrounding the 4f shell of each ion. Due to a very little chance of magnetic

shells to overlap with each other, direct exchange effect between neighboring ions must be
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very small. That is why we are considering the other mechanism behind the strong coupling
in magnetic rare earth elements. Indirect exchange coupling via conduction electrons is
considering being one such mechanism which is predicted to be the most crucial key role
for the interaction [18]. Below we have described this interaction briefly, first with the help
of electrostatic Coulomb exchange effect, a 4f shell electrons of an ion first interacts with
a conduction electron. And this compels the spin of the conduction electron to align parallel
or anti parallel to the spin of ion. In the crystal when the electrons are moving it may also
interact with the other ion inside the crystal, when it happens it give rise to a force which
inclines to align all the ions in the crystal and due to these phenomena long range type of
coupling occurs. Also, many other properties of rare earth are believed to exist due to the
interaction between the 4f shell electrons (s-f interaction) and the conduction electrons

[19].

The next element which is very important for this present doctoral thesis is the transition
metal ions. Due to their strong inter-atomic metallic bonding, the transition metals has a
high melting point, boiling point and high tensile strength and that is why it became one
of the most important industrial metals. There are 38 transition metal elements so far in the
periodic table. Even in these metals with change in atomic number the chemical properties
of the transition element do not visibly change. The main attractive and notable nature of
the compounds of transition metal ions is their color. Almost all the compounds that are
made of transition metal ions including vanadium, chromium, manganese, iron, cobalt,
nickel and copper are vigorously colored, including the atomic number of the metallic
element. The color also depends on the oxidation state and to some degree of extent it may

also depend on the non-metallic element or acidic radical along with which the transition
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metal ions combined to form a compound. Another interesting property of transition metal
ions is the incomplete inner shells. Virtually all the compounds that are made by transition
metal elements corresponding to the presence of incomplete inner shells are strongly
paramagnetic. If we study thoroughly, though the compounds of transition metal ions are
functional to the human race but we also cannot deny the truth that the transition metals
themselves and their alloys are very significant in the development of industrial growth.
Since decades and still, our modern civilization is deployed on steel and iron. And the
important part is that, the steel is made up of other transition metals which include
vanadium, chromium, manganese, cobalt, nickel, molybdenum, wolfram etc. The strength
and the hardness of these alloys made it very important to the development. These
properties are the result of a very strong bonding between the atoms inside the metals.
Compared to the other 3d block elements, zinc has a low melting point and a lower tensile
strength. Even though scandium is physically typical transition metal for example high
tensile strength, high melting point but chemically it only forms a single and colorless
triple charged ion (Sc®"). Likewise zinc also does not show any typical characteristics of
transition metal chemistry e.g. variable oxidation state, colored complex ions, and catalytic
properties of the metal or ion. So, from the above discussion the most appropriate
definition of a transition metal is an element which forms at least one ion with an
incomplete d sub-shell containing at least one electron. Therefore the properties which
transition metals possess are due to the partially filled d sub-shells of electrons which other
group element does not have namely, group 1-7. But if we see properly then it has a similar
nature with group 2, 3 and 4. As we have already discussed that transition metal has a high

value in the field of industry due to their strength arising from the strong inter-atomic
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forces. The main cause of their high tensile strength, ductility (can be drawn into wire) and
malleability (can be readily beaten into shape) is the delocalized 3d or 4s electrons
contributing to the bonding. And due to small ionic radii the transition metal ions has a
strong bonding. If we talk about the color all the transition metals has a silver grey color
in nature excluding copper with a dark orange in color. Due to their high melting point,
boiling point and densities, they forms enormous variety of alloys with an extensive range
of uses based on their hardness, strength, malleability and anti-corrosion properties. These
are the reasons which lead to be an interesting topic for the researchers to discern the nature
of the forces that hold the metal atoms together in these metal and alloys [20]. But in the
present thesis work, we have chosen chromium among all the other transition elements. In
the further research we may include some other transition elements. Chromium is one of
the representative transition element in the first long period of the periodic table. They are
neither so well-known nor as important as some other transition elements (eg. Iron and
nickel) but the chemistry within this element is very interesting. The principal oxidation
state of chromium is represented as figure 3 in the following diagram. One of the most
important ore of chromium is chromite, FeCr.O4. The element was not known to the
ancients, but was discovered in 1998 in lead chromate PbCrO4, which occurs in nature as
the mineral crocoites. In table 4 the basic information including symbol, atomic no., atomic

mass no., melting point, boiling point and electronic configuration has been given.
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Chromium trioxide
+6 CrOs CrO4 7, Cr20O7 - chromate ion
dichromate ion

O +3 Cr07, Cr***chromic oxide, chromic ion

+2 Cr**chromous ion

—_— 0 Cr metallic chromium

Fig. 3. Different oxidation states of chromium

Table 4: Properties of Chromium [20]

symbol | Atom. no. Atom. Melting color Electronic
mass no. point conf.(Cr®)
Cr 24 51.996 g.mol* | 1907 °C Silver-gray 45%3¢°

So the properties of rare earth and transition metal ions are one of the most attractive and
an interesting research field in terms of their own particular properties in electronic

correlation and magnetic properties.

The compound which we have proposed for this thesis work is the fusion of rare earth (Er,

Dy, Gd, Eu,Sm) and the transition metal ions which is chromium in our case. In table 5 we
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have listed some compounds of RCrOz with their Néel temperature where the properties

of the compounds changes its nature [21-29].

Table 5: RCrOs (R=Rare earth, Y and La) compounds with the respective Néel

temperatures
RCrOs Ce Pr Nd Pm Sm Eu Gd Tb
TS (K) 260 237 214 L 198 181 168 167
RCrOs Dy Ho Er Tm Yb Lu Y La
TS (K) | 145 142 135 127 115 111 141 | 295

1.6 Magnetic Structure of Rare earth Orthochromites, RCrOs

Rare earth transition metal oxides have been manifested to be one of the most relevant
groups of materials due to their mechanical, dielectric, optical and magnetic properties.
Rare earth orthochromites, RCrOs (R = rare earth/ Yttrium), isostructural orthoferrites,
RFeOs are such class of oxides that got the attention of researchers due to their electronic
correlations with unusual magnetoelectric properties [6-9]. They are of great interest
notably due to the observed high coercive fields when deposited in the form of thin films
[12]. The rare earth orthochromites RCrOz (where R stands for a rare earth metal) are
isostructural with the rare earth orthoferrites, RFeOgz, and crystallize in an orthorhombic
distorted perovskite structure. Here when we talk about RCrOs there can be two
possibilities. When R is nonmagnetic (Y, La) there will be only one interaction which is

Cr¥*— Cr¥ interaction. This magnetic interaction is arises only because of B-site Cr®" ions.
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So the magnetic interaction of RCrOs when the rare earth is nonmagnetic is given in the

equation below [30, 31]

E=AM1Mo—H. (Mi+M2)-D. (MoxMo)~(o2) (M2, + MZ,) ... (4)

2
0
Where

Mo= |M,|=|M,|, M1and M2 being each Cr-sub-lattice magnetization.

1% term — the isotropic Heisenberg exchange which is responsible for anti-ferromagnetic

ordering
2"d term — the interaction of magnetic moments with the applied field

3" term — the anti-symmetric DM interaction, which is a minimum when each sub-lattice

magnetization M1 and M and the D vectors are mutually perpendicular, and the
Last term — magneto crystalline anisotropy.

The analysis made by R.M Honreich et al also finds out the relative spin structure of
RCrOzwhen R is non-magnetic (La, Y). According to them the Hamiltonian of the Cr

spins can be written as [32]

_K, Z 2 — guBﬁ.Z s, .. (5)

Where §i is a spin in one sublattice
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S; Belongs to the other sub-lattices

§z Belongs to either of the sublattices, the | summation extends over all spins and the (ij)

summation extends over pairs of nearest neighbour spins. Here, D is the Dzyaloshinskii
vector, the subscripts x, vy, z refer to the orthorhombic a, b and ¢ axes. The constants J,
D, A,,, K, will be regarded as adjustable parameters. The first and second term is isotropic
nearest-neighbour and the Dzyaloshinskii-Moriya exchange interactions, the third and
fourth terms are due to quadratic anisotropy. As a result of the third term, the two
sublattices will have different easy directions in the a-c plane. The fourth fixes c as the
anti-ferromagnetic axis of the system. The final term is the direct interaction of the spins
with the external magnetic field. When R is magnetic, there exist three magnetic
interactions between rare earth and chromium ions which are given by a) R3*— R

interaction, b) R**— Cr** interaction and c) Cr**— Cr®* interaction.

*AZL’ | ol
‘ I I's
001 o 0% 9% o % 6 ? o
_Y‘l. 0

T o

#,&: o

/
—O—L
- O

_e —
-©

Fig.4. Possible Spin structures of RCrOs [23]
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Among these three interaction, Cr¥* — Cr* interaction are considered as the strongest one
which is the cause of antiferromagnetic nature with some canting in it or we can say a weak
ferromagnetism. The second dominating interaction is R®*— Cr* interaction and third one
is between R¥ — R** interaction [30]. We know that the crystal structure of a solid is very
vast and it has been divided into some categories. Bertaut has classified a crystal structure
according to their spin structure [23]. The types of spin structure classified are said to be

I', I I's. Among these Bertaut notation RCrOs fall under I'1, I'> and I's depending

upon the rare earth ions. Figure 4 shows the spin structure of RCrOz as per Bertaut
notation. Here if we see the first part of this diagram which is I'1, the spins are just opposite
to each other or we can say that the angle between the spins is 180 degree. These kinds of
spins are found when we have an anti-ferromagnetic (AFM) structure. And when we see
the other two parts of the same figure i.e. I'> and I'4 the spins are not exactly opposite to
each other or say the angle between the spins is not 180 degree. These types of spin
structure are evolved in the canted antiferromagnetic material (CAFM). According to the
literature, When the rare earth is non-magnetic (LaCrOz and YCrQOz3) the spin structure is
I'sand it is due to the Cr3* — Cr* interaction. When the rare- earth is magnetic the spin
structure could be either I'> or I'1. But among the entire RCrOs compound, ErCrOz only
falls on the collinear antiferromagnetic order which is I'1. So the rest of the RCrOs
compounds are considering being in I'2 and I's Spin structure [23]. Many researchers have
already studied about the multiferroic nature of RCrOz including B. Rajeswaran et al which
is given elsewhere [23]. They have shown that the temperature dependence of

magnetization of RCrOs under field-cooled conditions with an applied magnetic field of

100 Oe. The distinguished behavior is characteristic of antiferromagnetic ordering of Cr
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moments T"with weak ferromagnetism. They had observed the magnetic ground state is
I'2 (Fx,Cy,G;) for RCrOs with magnetic rare earth except erbium. For R = Er, the magnetic
ground state is found to be collinear antiferromagnetic with I'1 (Ax, Gy, C;) spin structure.
It is noteworthy that in the case of LaCrO3 and Y CrOz with nonmagnetic R ions no intrinsic
electric polarization is observed. In addition to the magnetic R ion, they show that the weak
ferromagnetism of the Cr sublattice is also essential for inducing polarization in these
orthochromites. They have observed dielectric anomalies both at Ty and at Tsr confirming
the magnetoelectric coupling. Interestingly, the electric polarization measured disappears
along with the weak ferromagnetism below Tsg, which demonstrates that the weak
ferromagnetism of the Cr sublattice is essential for inducing electric polarization.
However, the polarization below Tsr is revived by cooling the sample under an applied
magnetic field (x2 T). The applied magnetic field suppresses the spin reorientation and
thus the weak ferromagnetic state and the polarization remain down to the lowest

temperature.

Fig.5. Orthorhombic structure of RCrOs

Figure 5 shows the crystal structure of RCrOs which is distorted into an orthorhombic

structure with space pbnm group. The figure given above shows the transition metal ions
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as black circles, rare earth as white circles and Oxygen atoms as grey circles. In the figure
we can clearly see that in order to interact with one transition metal ion with another
transition metal ion it passes through the oxygen atom, this type of interaction is known as

super exchange interaction.

Figure 6 shows the polyhedral structure of RCrOs compound that shows the way of R, Cr
and O atoms are connected magnetically. Due to the mechanical, dielectrical and magnetic
properties of rare earth orthochromites (RCrOs) it has become an attractive compound for
researchers worldwide. The rare earth orthochromites have unusual magnetic properties
due to its dependency on the rare earth such as gadolinium (Gd), Erbium (Er), Europium
(Eu) etc which leads to a complete change of the magnetic properties. As the above
discussion, when the rare earth is non-magnetic there exist only one interaction where as
when the rare earth is magnetic there exists three interactions. The magnetic nature of rare
earth controls the magnetic nature of chromium. So by controlling the use of different rare
earths we can have a different Néel temperature or critical temperature. In a very low
temperature say up to around 10 K, rare earth shows a paramagnetic nature, they do not
align themselves into antiferromagnetic/ferromagnetic nature. Rare earth can show
different magnetic nature only at a very low temperature. In all the higher state it is fully
paramagnetic. In addition to this, the compound of RCrOsz is captivating due to a
distinguished coercive field that arouse in the presence of low magnetic field [33]. The
rare earth (R%*) occupies the A-site of a crystal with an electronic configuration R* (4f-
%) (electronic configurations are given in table no.3). While with an electronic

configuration of (4s°3d%) the chromium (Cr*) ion occupies octahedral B site of the crystal.
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Fig.6. Polyhedral crystal structure, RCrO:s.

The possible magnetic Configurations with crystal symmetry for RCrOs are found as D3
and these were studied by Wollan, Koehler and by Bertaut. In the table 6 and 7 the possible
magnetic configurations and their magnetic symmetry has been given [34]. The magnetic
moment configurations sites are numbered in the following table, the positive (+) symbol
indicates the parallelism of a magnetic moment to a particular direction and the negative
(-) symbol represents the anti-parallelism of a magnetic moment to the same directions.
Scientists has been working on magnetic structure of orthochromites (RCrO3z) by using
neutron elastic scattering (NES) measurements on powder samples and also on

spontaneous magnetization and susceptibility(SMS) measurements on a single crystal. The
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result we got through the literature surveys are given in Table 7. It has listed the possible
magnetic structures in the (4b) and (4c) positions in D35 with symmetry isomorphic with
D¢ with x,y,z designates a G configuration with the spin axis along a,b,c conventional
cell of pbnm structure respectively. The A, C and G indicate the A-, C- and G- type

antiferromagnetic arrangements and the ferromagnetic is denoted by F symbol.

Table 6: Magnetic moment configurations of RCrO3

Configuration Site
designation
1 2 3 4
F + + + +
G + B + B
A + _ _ +
C + + B 3

At a certain temperature the spins of Cr* at the chromium sub-Ilattice undergoes a sudden
transition. That transition temperature changes the properties of RCrO3 from paramagnetic
(PM) to antiferromagnetic (AFM) transition with the presence of canting between the spins
at chromium sub-lattice [23, 35]. The cause of this transition is due to the interaction
between neighboring Cr3* spins that conducted to T's(Gx, Ay, Fz) which is a weak

ferromagnetism and this kind of interaction is known as antisymmetric Dzyaloshinskii-
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Moriya(DM) exchange interaction [36-39]. Above the Néel temperature of RCrOz the

nature of the material is paramagnetic that means the magnetization is zero. In fact in all

the paramagnetic material the magnetization value is zero. The magnetization of each

sample increases from the Néel temperature due to the Cr®* — Cr®* interaction. But at

around 9 K the magnetization graphs decreases suddenly due to the magnetic anisotropy

of rare earth which oppose the magnetization of Chromium and try to pull down the

magnetization.

Table 7: Compatible spin configurations in RCrO3 for 7 >THE.

Space Site

Jrotp (4b) Cr (40)R
Pbnm I'1 Ax Gy GC; |- - C;
Pbn'm’ I Fx Cy G; Fx  Cy -
pb'nm’ I's Cx Fy A; | C Fy -
pb'nm I's Gx Ay Fo| - - F;
pbn'm’ I's - - - | Gx Ay -
pb'nm s - - N - A,
pbn'm | - - - - - G,
pbnm’ I's - - - Ay Gy -

26



Chapter 1 Introduction

The above statement suggests that at low temperature the magnetic anisotropy of rare-
earth become very high which dominates the interaction of chromium (Cr®*). In figure 7

the Rotation of magnetic vector during Spin-reorientation has been shown.

B \ Rotational direction from
" VWFM to AFM state

/ M,a

N

Fig.7. Rotation of magnetic vector during Spin-reorientation

Where, F- Ferromagnetic vector

G- Antiferromagnetic vector

M- Magnetization

a- Canting Angle

Or- Angle of rotation of G in ‘ac’ plane

Until and unless the presence of magneto crystalline-anisotropy gets affected the ground
state I's remains the same. This is due to the presence of high magnetic anisotropy of rare

earth which stimulates the phenomena like negative magnetization, spin re-orientation;
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magnetic compensation or we can say in a broad way that anomalous behavior of the
RCrO; compound [39, 40]. At the temperature to its lowest, the magnetic moment of Cr*
dominant R, so it is quite hard to know about the magnetic anisotropy of rare earth [41,
42]. The anisotropy of paramagnetic Eu* is expected to be minimal in EuCrOs due to the
population of non-magnetic ground term Fo of Eu®*. So I'; (Fx, Cy, G;) configuration may
arise because due to the above statement which may lead to the dominant magnetic
behavior of Cr3* at low temperatures [43—45]. SmCrOs compound also follows the same
trend so they are termed to show similar properties. If we talk about the ErCrOs the
presence of strong magnetic anisotropy of rare earth may lead to collinear I'y (Ax, Gy, C;)

spin structure.

The spin Hamiltonian of RCrOs where R is magnetic, the following equations would lead
to an appropriate understanding to the spin structure. The spin Hamiltonian varies with
different phase such as I'1, I'> and I's. We are going to denote the I'y phase as a, I'2as 5 and

I'sas y. In T4 phase the spin Hamiltonian is given below [46].
Ho= HST=CT 4 HR-R 4 HET-R ... (6)

The above equation is the Hamiltonian of RCrO3 for I's phase between the Cr3*— Cr3*
interactions, R3*— R%* interactions and Cr3*— R3* interactions. Considering the first term for
orthorhombic crystallographic we are introducing X, y and z coordinates system. In I's
phase usually spins lies in the coordinate of x axis. The appropriate Hamiltonian for the

first term which is between Cr3*— Cr3* which is given in equation 7.

Where S; and S; are representing Cr3* spins in the plus and minus sublattices respectively
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2

1 1
HET6" = (SNgetts) = ASiSze + S1522) + D(S13821=51552) +5 K(Shy + W,

1
_EchBNHc(Slz'i'SZZ) (7)

gc is the Z-axis g factor ,
Ug is the Bohr magnetron
N is Avogadro’s number.

The first term of the equation represents the symmetric which is caused by Heisenberg
exchange interaction, the second term denotes the antisymmetric which caused due to
Dzyaloshinskii-Moriya exchange interaction, the third term denotes the uniaxial
anisotropy which fixes the crystallographic axis as the easy direction for each sublattice
and the last one represents the coupling of the spins to external fields Hc applied along the

z axis. The coefficients A, D and K are interaction constants.

Going to the second term of equation 6
! 2/ 5
Ha = (E Ngz,uB) EGI Z]iz + GZ (]12]22 +]32]4z) + 63 (]22]42 +]12]32)
i

1
+ G4 (]22]32 +]12]4z)> - Z gz.uBNHc - (8)

Where J;, is the z component of the effective spin operator at site i and the summation is

over the rare earth sites per unit cell.

Gi is the coupling of coefficients
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g is the z axis effective splitting factor of the rare earth ground doublet

And finally the third term which is between the chromium and rare earth

ng_R = _(%NMB)Zgng Zi]iz[Dl(Slz-l'SZz) + DZ(Slz_Szz))] - (9)

Where D, and D, are coupling coefficients denoting the magnitudes of the symmetric and

antisymmetric parts of the Cr-R interaction respectively
The spin Hamiltonian for I'y phase are given below
Hp= H"™" + HF™® + HE™ R ... (10)

The I'1 phase is somewhat similar as I'4 and the interaction between Cr-Cr in the absence

of an external magnetic field is given by-
_ 1 2
HE™=¢7 = (ENgbuB) 281,55, ..(11)

_ 1 21
HE R = (3NGattp) (561508 + o Uraaz + Jsadaz) + Gs Unshas + Jrzlss) +

G4 (122132 +]12]4z)) - %gz.uBNHc Zi]iz (12)

The last interaction of I'1 phase is between the Chromium and Rare earth (Cr — R) and it is

given by

— 1
H[gr R= (ZNMB)ZgbgzD3(]12+]Zz _]32 _]42)(513/ - SZy) (13)

This property of RCrOz attracts many researchers to study the complex magnetic behavior
of the compound with the fusion of rare earth and transition metal ions. As in our

discussion we have evince the interactions and properties of RCrOs in terms of their
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magnetic behavior. And from this we have known that an extensive range of the
temperature has been dominated by the transition metal ion which is chromium in our
work. So, we have not collected enough information for the rare earth ions due to the +3
state of the chromium and it is magnetically favorable than R3* ions in RCrO3 compound.
Here we report on the study based on different oxidation state of Chromium by varying
the annealing temperature from 973 K (RCrO3) to 773 K resulting to form chromates
(RCrQg4), because in chromates the chromium oxidation state is +5. So, in RCrOg4 the
observed behavior is mostly from the R3* ion which is more magnetic in nature than Cr®".
It is due to the fact that the Cr>* ion does not have a d-orbital shell. The functionality of
the rare earths should be given emphasized because in RCrOs the anisotropy of the
magnetic rare earth plays a major role in deciding the Cr spin structure which is responsible
for the intriguing phenomena of spin-reorientation, magnetic compensation and
magnetization reversal. So this situation compels us to roll our eyes to study about RCrO4
compound to know the properties of Rare earth also including the chromium. RCrOs is
also one of the family of the research field given by the result of the fusion of rare earth
and the transition metal ions, where rare earths (Er, Dy, Gd, Eu and Sm) and transition

metal ions (chromium) in this work.
1.7  Rare earth Chromates, RCrO4

Given below in table 8, we have listed some compounds of rare earth chromates (RCrOa)
with their Neel temperature where the properties changes. Further-more, the literature
reveals the distortion of rare earth chromates into perovskite with a tetragonal structure
with space groups 141/amd with crystal symmetry(D;;) for zircon type material [47, 48].
The final structure which has been assemble up by the edges sharing chains of distorted
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(ROg) bisdisphenoids managing parallel to the a-axis and which is connected one another

by the tetrahedral (CrOs) is given in figure no. 8.

Table 8: RCrO4 (R=Rare earth, Y and La) compounds with the respective Curie/ Néel

temperatures [49-57].

RCrO4 Ce Pr Nd Pm Sm Eu Gd Th
T/ TnK) | 9 25 | | 15 16 21 22
RCrOs Dy Ho Er Tm Yb Lu Y La
Tc/ Tn (K) 23 18 15 18 25 10 9 20

In rare earth chromates the oxidation state of rare earth is +3 which is same as in rare- earth

orthochromites.

Fig. 8. Polyhedral view of crystal structure of zircon type RCrO4
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But the oxidation state of chromium changes from +3 state to +5 pentavalent state which
have a weaker magnetic properties than that in +3 state. The common reaction that takes
place in this compound between rare earth and transition metal ions is given in equation

(14) below

R (NO3)s. 6H20 +Cr (NO3)s .9H20 — RCrOs +6NO; +15H,0 L (14)
The phases of rare earth and chromium are inter-convertible into one another at suitable
pressure or temperature conditions. The position that occupied by rare earth with an
electronic configuration of (4f 1) is in eighth coordinated ROs dodecahedra while the
chromium ion with an electronic configuration of (4s*3d°) is occupied in distorted CrO4
tetrahedral. In addition, at high temperatures the chromate undergoes a structural
rearrangement and reduces to orthochromites [48]. It is shown in literature that the
chromium exists in Cr* state in the RCrOs compound which is sequenced by itself
ferromagnetically with curie temperature, Tc ~ 10 K when the rare earth is non-magnetic
[58]. But the rare earth samples discussed in this doctoral thesis work are all magnetic (R
= Er, Dy, Gd, Eu and Sm), so at a Néel temperature which is at around Tn< 20 K, it changes
the spin order of the material or we can say that the magnetic properties changes from
paramagnetic to antiferromagnetic state. The two possibilities of the nature of the material
are either ferromagnetic or antiferromagnetic and are dependent on the anisotropy of the
rare earth (R). The best example from the literature about the magnetic structure of RCrO4
with (R= Sm, Eu and Lu) are shown to be an antiferromagnetic and with R (Nd-Yb) is
reported as ferromagnetic in nature [49, 50]. For both RCrOz and RCrO4 the involvement
of rare earth can be seen at very low temperature, so very easily it can be say that the

transition occurs at RCrOs sample is due to the Cr¥*— Cr®* interaction. But in case of RCrOs4
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the transition temperature is very low comparing to the RCrOs. So it is quite difficult to
point out the interaction responsible for the transition occurred. One more interesting
phenomena based on this study is a field induced metamagnetism which we get when we
compare the antiferromagnetic and ferromagnetic exchange interaction. And this
metamagnetism, where both the Néel temperature and Curie temperature coexists is due to
the tough competition between the antiferromagnetic 4f spins of rare earth (R*") ions and
the super-exchange interactions of ferromagnetic 3d spins of chromium (Cr®*) ions [51].
Indeed, RCrO4 material is one of the interesting and attractive compounds which require

an attention to study thoroughly.

1.8 Aim and Scope of the Thesis

From the assessment of the literature described in the previous sections, it is understood
that rare earth orthochromites, RCrOz (R =rare earth, Y and La) is a class of materials that
exhibit unusual magnetic properties [52-56]. They crystallize into orthorhombic
perovskite structure with space group Pbnm and D} crystal symmetry. The rare earth ion,
R3*" (4f"1%) is located in a nine-coordinated A-site while the chromium ion, Cr3* (4s°3d°)
in octahedral B-site, similar to the iso-structural orthoferrites, RFeOs. They undergo a
paramagnetic (PM) to canted antiferromagnetic (CAFM) transition below room
temperature with G-type ordered configurations. When R is non-magnetic, the magnetic
property is solely an outcome of the super exchange interaction between Cr3*—Cr*
mediated by oxygen with canting of spins at Cr sites below Néel temperature, Ty as
reported in YCrOs [36,37]. This is attributed to antisymmetric Dzyaloshinskii-Moriya
(DM) exchange interaction between neighboring spins that results in I's(Gx, Ay, F7)
configuration of Cr spins. However, the ground state configuration, I'4 remains the same
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unless affected by the presence of magneto-crystalline anisotropy. When R is magnetic,
magnetic interactions does exist between R*— R*" and R**— Cr®* in addition to Cr¥*— Cr¥*
interaction with possible antiferromagnetic ordering of R** ions at very low temperature,
referred as T2< 20K [39,40]. In addition, the presence of a magnetic R%* ion (in place of
non-magnetic Y3*) brings in magnetic anisotropy that promotes intriguing phenomena like
negative magnetization, magnetic compensation and spin-reorientation (SR) in RCrOs
[44,45]. This 3d-4f interaction gives rise to the I's (Gx, Ay, F2), I'2(Fx, Cy, Gz) and I'1(Ax,
Gy, C;) arrangements in RCrOz with the I'1 being the collinear antiferromagnetic ground
state configuration [41,42]. Since the magnetic behavior of RCrO3z is dominated by the 3d
electrons of Cr, very limited is known about the rare earth ordering in oxides. This
necessitates to study rare earth chromates, RCrOs which crystallizes into tetragonal
structure with space groups 141/amd (No. 141, Z=4 with crystal symmetry D;;) and/or
141/a (No. 88, Z=4 with crystal symmetry C2, ) referred as zircon and scheelite phases
respectively [47,48]. The two phases are inter-convertible into one another at appropriate
temperature and/or pressure conditions. The rare earth ion, R®* (4f114) is located in an
eight-coordinated ROs triangular dodecahedra while the chromium ion, Cr®* (4s'3d°) in
distorted CrO4 tetrahedra. In RCrO4, Cr exists in paramagnetic Cr® state that orders
ferromagnetically with Curie temperature, Tc ~ 10 K in the presence of non-magnetic rare
earth, as shown in YCrO4[57]. When R is magnetic, rare earth orders antiferromagnetically
with Tn< 20 K. Depending on the anisotropy of the R, the ground state of RCrOa is either
ferromagnetic or antiferromagnetic. It has been reported that the magnetic structure of
RCrO4 with R = Nd-Yb is described as ferromagnetic and R = Sm, Eu and Lu are shown

to be antiferromagnetic [58, 59]. When the ferromagnetic and antiferromagnetic exchange
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interactions are comparable, a field-induced metamagnetism is observed in RCrO4 with R
= Ho, Gd and Lu. This is due to the strong competition between the super-exchange
interactions of ferromagnetic 3d spins of Cr®* ions and antiferromagnetic 4f spins R®* ions
[51]. Thus, the complicated magnetic structure of RCrO4 and RCrOs requires an attention
to study. In addition, rare earth chromates and orthochromites have been synthesized by
various techniques. However, synthesis of RCrO4 and RCrOz in nanoparticles has been
given less attention to the best of our knowledge. In addition, the chromates undergo a
structural rearrangement and reduce to orthochromites at high temperatures, reported
elsewhere [48].

In view of the above discussion, the present doctoral thesis has been aimed at the following
objectives in the forth coming chapters.

1. To synthesis of homogeneous single phase RCrO4 and RCrO3 (R = Sm, Eu, Gd, Dy and
Er) through a modified sol-gel route followed by hydrothermal method and temperature
driven tuning of the crystal structure of RCrO4 and RCrOs nanoparticles.

2. To study the magnetic properties of temperature induced magnetic phases RCrO4 and
RCrOs3 (R = Sm, Gd, Dy and Er) and size effects on the magnetic properties through DC
magnetization measurements.

3. To study the role played by the magnetic anisotropy of rare earth that brings in a
temperature-dependent 3d-4f interaction and is responsible for the intriguing magnetic
phenomena in RCrO3 (R = Eu, Gd and Er) through temperature-dependent electron

paramagnetic resonance (EPR) spectroscopy.
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Chapter 2

Experimental Techniques

2.1 Introduction

In this chapter, the various experimental techniques and working principles of the
instruments used in carrying out this research work, has been described in detail. The
structural characterization for crystal structure, lattice parameters was performed by X-ray
diffractometry (XRD) and the topographical studies (microstructure studies) of the sample
were carried out using field emission scanning electron microscopy (FESEM). The
elemental compositions of the samples were determined by energy dispersive X-ray
analysis (EDAX). The magnetic properties of the as-synthesized RCrO4 and RCrOz have
been studied using vibrating sample magnetometer (VSM) setup in physical property
measurement system (PPMS). The electron paramagnetic resonance (EPR) spectra were
recorded in the X band region of EPR spectrometer to understand the electronic structure

and magnetic properties of the sample.
2.2  Sol gel method

The sol gel method is the process in which a molecular precursor in liquid forms an oxide
network through poly condensation reaction that cross link with each other to form a gel
of solid continuous network as well as liquid continuous network [1]. The precursors for
the synthesizing procedure to this kind of colloids are consisting of metal alkoxides and
transition metal ions. There are generally two reactions namely hydrolysis and poly-

condensation that are involved in a sol-gel process. A sol is a colloidal solid particle where
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the stable suspension occurs in a liquid of around 2—200 nm. And depending on the
solvents it can be obtained in aqueous solution and an alcohol. A gel is a solid network
having porous sites which forms in a liquid medium in three dimensions. The growth of
gel depends on the container and on a solvent. Sol-gel is basically a process forming a
chemical compound in a liquid state at room temperature or at low temperature with a
precise control of the purity of the elements. This process also yields the highest specific
surface area of a compound relative to any other method. The flexible processing allows

combining organic and inorganic compounds.

2.3.  Hydrothermal synthesis

A German geologist Karlemil von Schafhautl was the first person to report the growth of
crystal by hydrothermal method by using a pressure cooker where he has grew microscopic
quartz in 1845 [2]. The hydrothermal technique has become one of the most popular or
common way of synthesis due to its ease and flexibility in preparing a wide range of
nanomaterial’s at low temperatures. Hydrothermal method involves crystallizing/
precipitating the compounds at high pressures and low temperatures from aqueous/ non-
aqueous solutions relative to conventional high temperature synthesis techniques [3]. The
synthesis procedure involves an apparatus, autoclave made up of stainless steel along with
a Teflon liner, to which the solution has to be transferred, as shown in figure 1. In between
the autoclave chamber the temperature gradient are maintained. Byrappa and Yoshimura
proposed to define the hydrothermal reaction as “any heterogeneous chemical reaction in
the presence of solvent (whether aqueous or non-aqueous) above room temperature and at

pressure greater than one atmosphere in a closed system” [4]. In a typical reaction, a
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precursor and a reagent capable of regulating the crystal growth are added into water in a

certain ratio.

C i
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Fig.1. Schematic diagram of the mini-stainless steel auto clave and the Teflon liner.

The mixture is placed in an autoclave to allow the reaction to proceed at elevated
temperatures and pressures. The advantage of hydrothermal synthesis is the ability to
synthesize crystalline phases that are unstable at melting point. Certain compounds can be
synthesis even at temperatures higher that the melting point, at high vapours pressure with
a controlled composition. The major advantage of this approach is that most of the
inorganic material can be made soluble in water at elevated temperatures and pressures.

However, the growth of the crystals and the work performance cannot be observed.

24  X-Ray Diffraction

Max Van Laue in 1912 discovered that crystalline substances act as three-dimensional
diffraction grating for X-Ray wavelength similar to the spacing of planes in a crystal
lattice. Every crystalline substance gives a pattern. The same substance always gives the
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same pattern and in a mixture of substances each produces its patterns independently of
the others. X-Ray Diffraction is now a common technique for the study of crystal structure
details (e.g., average crystallite size and crystallite structure) and Atomic Spacing. X-Ray
Diffraction plays a prominent role in Identifying and Characterizing the Nano-crystalline

of rare earth and chromium ions Sample.

2.4.1 Principle of X-Ray Powder Diffraction (XRD)

X-Ray Diffraction is based on constructive interference of monochromatic X-rays and a
crystalline sample. These X-rays are generated by cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate, and directed towards the sample. The
interaction of the incident rays with the sample produces constructive interference when

conditions satisfy “Bragg’s Law”, i.e.

20nk Sinf = ni .. (1)

Where, dna — the interplanar spacing between parallel planes.

0 — the Bragg angle

A — the incident wavelength

and n —the order of diffraction.

This law relates the wavelength of electromagnetic radiation to the diffraction angle and
the lattice spacing in a crystalline sample. These diffracted X-rays are then detected,
processed and counted. By scanning the sample through a range of 26 angles, all possible

diffraction directions of the lattice should be attained due to the random orientation of the
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powdered material. Conversion of the diffraction peaks to d-spacing allows identification
of the mineral because each mineral has a set of unique d-spacing. Typically, this is
achieved by comparison of d-spacing with standard reference patterns. All diffraction
methods are based on generation of X-rays in an X-ray tube. These X-rays are directed at
the sample, and the diffracted rays are collected. A key component of all diffraction is the
angle between the incident and diffracted rays. Powder and single crystal diffraction vary

in instrumentation beyond this.

2.4.2 Working of X-Ray Diffractometer

The basic measurement geometry which is most frequently used X-ray diffraction
instrument is depicted in figure 2 [5]. The sample S should preferably exhibit a plane or
flattened surface. The angle of both the incoming and the exiting beam is 0 with respect to
the specimen surface. A vast number of organic and inorganic powder samples have been
measured with these instruments from which the naming of powder diffract meter is
understood. The diffraction pattern is collected by varying the incidence angle of the
incoming X-ray beam by @ and the scattering angle by 26 while measuring the scattered
intensity 7 (26). Two angles have thus to be varied during a /26 scan and various types of
powder diffractometers are in use. For one set of instruments the X-ray source remains
fixed while the sample is rotated around 8 and the detector moves by 26. For other systems
the sample is fixed while both the X-ray source and the detector rotate by 6 simultaneously,
but clockwise and anticlockwise, respectively. The rotations are performed by a so-called
goniometer, which is the central part of a diffractometer. A goniometer of a powder

diffractometer comprises at least two circles or equally two axes of rotation.
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.
-

- ‘2& e Focusing Circle

Fig.2. Schematic Diagram of X-Ray Diffractometer
F — The x-ray source
DS — the incident beam divergence limiting slit
SS — The Soller Slit Assembly
S — The Sample
RS — The Diffracted-Beam Receiving Slit
C — The Monochromator Crystal
AS — The Anti-Scattering Slit
R — Axis perpendicular to the plane of drawing

G — Counter.
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Fig.3. Bruker D8 Advance diffractometer

However in this work, to study the structural details about the nanocrystalline of rare earth
and chromium ions, Bruker D8 Advance diffractometer machine has been used, as shown
in figure 3. The Bruker D8 Advance powder X-ray diffractometer is a device for the phase-
analytic and structural characterization of powders and thin films. It is equipped with a fast
detector and allows measurements in the transmission and reflection mode. The device is
additionally equipped with a multi-sample charger. In this diffractometer a scintillation
counter may be used as detector instead of film to yield exact intensity data. Using
automated goniometers step by step scattered intensity may be measured and stored

digitally. The digitized intensity may be discussed by programs. More powerful methods
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may be used to determine lots of information about the specimen. The Bruker D8 Advance
has a 6:60 geometry (often called Bragg-Brentano or focusing geometry) with a copper
sealed tube X-ray source producing Cu ka radiation (technically kal and ka2 with kf being
removed by the primary optic) at a wavelength of 1.5406 A from a generator operating at
40 keV and 40 mA. A parallel beam of monochromatic X-ray radiation is produced by the
use of a Gobel mirror optic (primary optic). The diffracted X-rays are recorded on a
scintillation counter detector located behind a set of long Soller slits/parallel foils. The
sample remains flat throughout the measurement but can be rotated to allow for better

sampling and removal of preferred orientation effects.

The average crystallite sizes t can be estimated from FWHM of the respective diffraction

peaks by the Scherrer’s formula [5],

(o 0.944 e
Bcos g,

Where 0g is the Bragg angle

A is incident wavelength(nm)

B is Full width at half-maximum (FWHM in radians)

25 FESEM and EDAX
The morphology of the samples has been examined by Carl Zeiss ULTRA-55 field
emission scanning electron microscope (FESEM). In FESEM, the electrons interlude with

the atoms of the sample to produce the result which contain an information about the
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composition, topography and also the other components regarding electrical conductivity
[6, 7]. While discussing about this, it came across that there are two source of emission,
which are Thermionic emitter and Field emitter. And this source of emitter type is the main
difference between the scanning electron microscopy and the field emission electron
microscopy. The most commonly used filaments in the thermionic emitter is tungsten (W)
and lanthanum hexaboride (LaBe). The electrons can escape after only when the heating is
enough above the work function of the heating material. The unwanted problems that we
face on thermionic emitter is that it has a relative low brightness with the evaporation on
the cathode material side and also has the thermal drifting during the whole operation
process. While the good news is that we don’t have that kind of problem in the process of
field emitter. Because of its unheating process of filament, the field emitter is also known
as cold cathode field emitter. So the only way it uses to reaches the emission is to place
the filament in a huge electrical potential gradient. The FE source has a sharp point usually
with a wire of tungsten (W) with an approximately 100 nm and due to which we can
concentrate the electric fields in an extreme level which turns it into so big that the
electrons can leave the cathode because of the lowering of the work function. The
researcher has find one techniques where the secondary electron can be detected by
combining the field emission (FE) and the scanning electron microscopy (SEM). As we
already know that the field emission produced an electron beam of about 1000 times
smaller than that of a standard microscope which also has a thermal electron gun , hence
the quality of an image produced much better for example we can get the resolution of
approximately 2 nm at 1 KeV and approx 1 nm at 15 KeV. The feature must be bigger than

the beam of diameter in terms to resolve the feature of the specimen surface; therefore the
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electrons beam should get condensed. The electromagnetic lenses are engaged to help the
demagnetization of the beam. By experiment, it has came to know that in the field emission
source the cross over diameter is smaller and for the image processing the probe should be
of the lower level of the beam condensation. This nature of field emission scanning
electron microscope made it one of the highest resolution instruments comparing other.
The important applications of FESEM including the thickness measurement of thin
coatings and films, measurement of lateral dimensions and height of nanometer sized
objects, elemental analysis of micron sized features, correlation of surface morphology and
surface appearance, fracture and failure analysis, characterization of shape and dispersion
of additives, size, size distribution, particulates and fibers in composites and blends,
characterization of cell size and size distribution in foam materials and defect analysis.
Along with this instrument, one more important machine we have used to identify the
elemental composition of as little as cubic micron of a material. This instrument is named
as energy dispersive X-ray spectroscopy (EDAX or EDX). The sample under the
investigation for elemental information is gathered under this equipment which is attached
with the scanning electron microscopy. It has sensitivity of around 0.1 percent for some
elements and also it is non destructive. In an electron beam a sample has been kept and
that is how the EDS work by detecting X-ray. While continuously producing X-rays to
discharge the excess energy the electron beam excites the atoms in the sample. The
formation of the peaks depends upon the energy of the X-rays which is characteristic of
the atoms that produced them. The possibility of having more than one peak is highly in
an individual elements and overlapping to a certain degree from the different elements may

also occur for the same. While collecting the EDX spectra from a certain particle on the
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sample it also gives an analysis of a few cubic microns of material as an electron beam can
be controlled precisely. In order to identify the elements in the particular region the beam

can easily sweep over a selected area.

2.6 Physical property measurement system (PPMS)

The magnetic properties have been measured by a vibrating sample magnetometer (VSM)
in a physical property measurement system (PPMS), designed by Quantum Design, Inc.,
shown in figure 4. The instrument can be used with fields up to £16 tesla and temperature
range of 1.9 — 400 K. Its advanced expandable design combines many features in one
instrument to make the PPMS the most versatile system of its kind. One can measure DC
Resistivity, AC Transport (AC Resistivity, Hall Coefficient, I-V Curve, & Critical Current
for superconductors), and Heat Capacity for small samples under user controlled magnetic
field, pressure, gas composition, and temperature. The Vibrating sample magnetometer
(VSM) is a powerful measurement system to be used for magnetic property of samples.
The VSM option transforms your PPMS into a sensitive DC magnetometer for fast data
acquisition. The movement of the sample is done by a special sample transport, which has
a linear characteristic and thus is very precise and flexible. Further options extend the

capability of the VSM.

The Quantum Design Vibrating Sample Magnetometer (VSM) option for the Physical
Property Measurement System (PPMS) family of instruments is a fast and sensitive DC
magnetometer. The basic measurement is accomplished by oscillating the sample near a

detection (pickup) coil and synchronously detecting the voltage induced. By using a
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compact gradiometer pickup coil configuration, relatively large oscillation amplitude (1-3
mm peak) and a frequency of 40 Hz, the system is able to resolve magnetization changes
of less than 10-6 emu at a data rate of 1 Hz. The VSM option consists primarily of a VSM
linear motor transport (head) for vibrating the sample, a coil set puck for detection,
electronics for driving the linear motor transport and detecting the response from the

pickup coils, and a copy of the software application for automation and control.

Fig.4. Physical property measurement system

2.6.1 Theory of Operation

The basic principle of operation for a vibrating sample magnetometer is that a changing
magnetic flux will induce a voltage in a pickup coil [8]. The time-dependent induced

voltage is given by the following equation:
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L de
Vcoil = - ...
_ g dz
T dz dt
Vcoil = 2nf Cm A sin(2nft) ... (4)

The basic measurement is accomplished by oscillating the sample near a detection (pickup)
coil and synchronously detecting the voltage induced. In equation (3), @ is the magnetic
flux enclosed by the pickup coil; z is the vertical position of the sample with respect to the
coil, and t is time. For a sinusoidally oscillating sample position, the voltage is based on
the following equation: In equation (4), C is a coupling constant, m is the DC magnetic
moment of the sample, A is the amplitude of oscillation, and f is the frequency of
oscillation. The acquisition of magnetic moment measurements involves measuring the
coefficient of the sinusoidal voltage response from the detection coil. The sample is
attached to the end of a sample rod that is driven sinusoidally. The center of oscillation is
positioned at the vertical center of a gradiometer pickup coil. The precise position and
amplitude of oscillation is controlled from the VSM motor module using an optical linear
encoder signal. The voltage induced in the pickup coil is amplified and lock-in detected in
the VSM detection module. The VSM detection module uses the position encoder signal
as a reference for the synchronous detection. This encoder signal is obtained from the VSM
motor module, which interprets the raw encoder signals from the VSM linear motor
transport. The VSM detection module detects the in-phase and quadrature-phase signals
from the encoder and from the amplified voltage from the pickup coil. These signals are

averaged and sent over the CAN bus to the VSM application running on the PC.
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2.7  Electron Paramagnetic Resonance (EPR) Spectrometer

All the species which have magnetic moment associated with an electron can be studied
by this technique. Some atoms and molecules consists one or more electrons with unpaired
spins and these are the substances which are expected to show electron spin resonance
spectra because the magnetic field interacts with the spin and the spin of the system has to
be non-zero. This type of spectroscopy is also known as electron paramagnetic resonance
(EPR). Many can understand all kind of properties (e.g. electronic structure, magnetism,
photochemistry and biology) from this spectrometer. Majority of stable molecules are held
together by bonds in which electron spins are paired, in this situation there is no net
electron spin, no electronic magnetic moment and hence no interaction between the
electron spins and an applied magnetic field. When unpaired electrons exist in a substance
their spins are aligned at random in the absence of a field. When placed in a magnetic field,
however they will each have a preferred direction and since the spin quantum numbers of
an electron is 1/2 each can be thought of a spinning either clockwise or anti-clockwise
about the field direction. E.S.R spectroscopy essentially measures the energy required to
reverse the spin of an unpaired electron. Numerical simulations of EPR spectra are usually

performed with three intentions-

1. Systematic study of the dependencies of spectral feature on the magnetic
parameters.

2. Predictions whether a new experiment will give new information and

3. Accurate parameter extraction from experimental spectra.
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2.7.1 Principle of ESR

Electrons are known to have magnetic moments and when they are exposed in a magnetic
field, we can do a spectroscopic measurement on it. Electrons has an intrinsic angular
momentum which is also called as electron spin angular momentum and that explains a
lots of experiment observation on species for examples are atoms, molecules, free radicals,
radicals ions, transition metal complexes. So we know that an electron can have two type

of angular momentum-

1. Orbital angular momentum, 1=0, 1,2, ...my= -l ,-I+1 .... -1, |

2. Spin angular momentum, S = 1/2, ms = -1/2, +1/2

So spin angular momentum is a vector quantity i.e. it has a particular direction whether its
upside or down side and an orbital angular momentum is also a vector quantity which has
a different components with a certain direction. So the two angular momentum can now
be putting up together to generate a net angular momentum. Since an electron has two
specific components of the angular momentum as we have already discussed it should also
have two orientations of the magnetic moment in the magnetic field. So we have also a
fact by which we can easily explain the splitting of atomic spectral line in the magnetic
field which is a famous Zeeman Effect. So with this basic we will be explaining the
experimental result of our sample. We already know that electrons have an intrinsic
magnetic moment which acts properly like a tiny bar magnets which has also a magnetic

moment.
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L |

Fig.5. Bar magnet

M — Magnetic moment vector

Mz= geBeSz e (5)

As given in the bar magnet, it has a magnetic moment p which has a direction from south
to north and also it is a vector quantity. So from here it can be easily related the magnetic

moment and the angular moment by the equation (5) which is given above.

Mz — magnetic moment vector in the given direction

ge — constant, g-factor

Be — Bohr magneton

S; — component of spin angular momentum

Further we will be discussing about what happens when a bar magnet is placed in a
magnetic field and the consequences when these two has encountered with each other. So
basically we have a bar magnet which has a magnetic moment p and has been placed in a
magnetic field B. The expression has been given in equation 6. Then the magnetic moment
will orient itself according to the value of an angular momentum. It has depicted in figure

6.

E= - u B (both vector) ... (6)
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o

Fig. 6. Bar magnet in a magnetic field

Electron spin has two energy levels when kept in a magnetic field, also known as Zeeman
splitting. The diagram has been given below in figure 7 by which the splitting of an energy

level will be clear enough to understand.

R E=1/2g BB, mM=+1/2
7

A

———————————————— -h9

L‘ E=-1/29g BB, M= -1/2

< m = @ o5 mMm

-
»

Magnetic field B

Fig.7. Zeeman splitting

60



Chapter 2 Experimental Technigues

The splitting of the energy level is fully depend upon the strength of the magnetic field,
suppose if the magnetic field is small then the splitting will be small but if the magnetic
field is large then the splitting level will be large. From the literature, we also know the

value of Bohr magneton which is given in the below equation [9 — 11]

Be (bohr magnetron) = eh/ 4tme ...(8)
E= geBeBo ... (9)
E= hv ... (10)

From equantion 9 and 10
hU: geBe BO v (11)
hv= puBo ... (12)

The energy difference between the first energy level and the second energy level is uBo

which falls on the radiation of microwave frequency which is at the range of 108— 10! Hz.

2.7.2 Working techniques and components of EPR spectrometer

In this topic we are going to discuss about the working principle of electron resonanace
frequency spectrometer and how the principle of ESR spectrometer takes place practically.
Figure 8 shows the block diagram of the ESR spectrometer, consisting of source, actuators,
waveguide, detector, phase sensitive detector, modulation coil, sample cavity and

electromagnets.
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Source: Here, source is represented as a klystron tube which act as a source of radiation
i.e. microwave radiation. The radiation is simplified after producing typically from the
klystron tube which is also having an ability to tune the waves to precise phase amplitude
and frequency. The radiation coming out from this has been again allowed to falls into the
resonant cavity by using either coaxial cable or wave guide. Wave guide is considering as

one of the most efficient method.

source actuators waveguide detector
cavity
sample Phase
sensitive
detector

/

electromagnets Modulation coil

Fig.8. Block diagram of ESR spectrometer

Now we will be continuing with how the electromagnetic radiation and microwave
frequencies are generated in a klystron tube. In figure 9 the schematic diagram of a klystron

tube has been shown.

As we can see in the schematic diagram of a klystron tube there are three electrodes which

are —

1. Heated filament
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2. Anode

3. Negative reflector

Here, cathodes generate an electron from a heated filament which flows through an anode
which has a hole and after which it strikes on a highly negative reflector electrode which
has a negative charge. An electron has also a negative charge which causes repulsion
between each other, so the electrons have been sent back to the anode from the negative
reflector due to its negativity. So the motion of electron charge from anode to negative
reflector and again back to the anode from hole cause an oscillating electric field so thus

electromagnetic field.

e-pathway
/ Anode
( /
[ k — P |

/

Heated filament negative reflector electrode

Fig.9. Klystron tube
Attenuator: Attenuator is used to adjust the microwave power sent by the source.

Waveguide: It is a rectangular brass tube having an approximate size of 0.99x0.4 inch. It
is used to convey the microwave radiation or power to the sample cavity containing

paramagnetic substances.
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Sample cavity: Mostly sample cavity is placed between the two electromagnets and it is
constructed in such a way to maximize the applied magnetic field along the sample
direction. Generally, all the ESR spectrometer has dual cavity to accommodate the sample

as well as to accommodate the standard material.

Electromagnets: In ESR two electromagnets are used i.e. North Pole and South Pole. ESR
spectrum is recorded by slowly varying the magnetic field through the resonance condition
by sweeping the current supplied to magnet by power supply. The role of electromagnets
is to generate the homogeneous magnetic field and the current supply to the magnets
through the power supply due to this, alternating current generates a heat therefore both

the power supply and the magnet need a water cooling apparatus.

Modulation coils: The variation of magnetic field is produced by supplying an alternating
current signal to modulation coils oriented with respect to samples. If the modulation is of
low frequency then, coils can be mounted outside the sample cavity. If the modulation is

of high frequency, the frequency coils can be mounted inside the cavity.

Crystal detector: The most common detector is the silicon crystal detector which acts as
a microwave rectifier. The silicon crystal detector converts the alternating current to direct

current outputs.

2.7.3 Low Temperature EPR Measurements

Temperature-dependent electron paramagnetic resonance (EPR) spectra were recorded in
the X-band region on JEOL-FE3X ESR spectrometer in the range 100 — 400 K, using a
liquid nitrogen (LN2) cryostat, at a fixed microwave frequency of about 9.2 GHz [12-14].
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The sample temperature has been varied between the ranges 100 — 400 K by regulating the
flow of cold nitrogen gas. A proper gas flow was achieved by controlling the power input
to a heater, immersed in a liquid-nitrogen (LN2) container, with the aid of a proportional,
integral and derivative (PID) temperature controller. The controlling sensor used was a
pre-calibrated copper-constantan thermocouple situated just outside the microwave cavity.
The temperature at the sample site was monitored by another pre-calibrated copper-
constantan thermocouple in close contact with the sample. The temperature stability
achieved at the sample site was within £50 mK. The sample temperature was varied from
100 — 400 K by heating air blown through the cavity by a compressor. EPR spectrum has
been recorded on empty EPR quartz tube along with thermocouple to check the presence

and/or absence of any magnetic impurities of such combination.
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Chapter 3

Synthesis and Characterization of RCrOs and RCrOs Nanoparticles

3.1 Introduction

Since many years, various research groups have been working on the rare earth chromates
and orthochromites have been synthesized by different techniques. Some of the methods
used to synthesize RCrOz aerosol-gel synthesis, hydrothermal synthesis [1-3], solid state
synthesis [4-9], microwave process [10-11], solution combustion method [12-14], citrate
chemical solution [15-16]. Though, no attention has been given to RCrOg in the past, few
research groups have started working on RCrO4. Some of the methods that include
synthesizing RCrO4 are solid state reaction synthesis [17-18], thermal process [19-21],
hydrothermal synthesis [22], Nitrate precursor method [23 — 24], precursor method [25]
etc. Few groups have reported the synthesis of RCrO4 even at ambient pressure [26—27].
However, synthesis of RCrO4 and RCrOs in nanoparticles has been given less attention to
the best of our knowledge. It has been reported that the chromates undergoes a structural
rearrangement and reduces to orthochromites at high temperatures [26]. In view of the
present discussion, the present doctoral thesis has been aimed at the synthesis of
homogeneous single phase RCrO4 and RCrOs (R = Sm, Eu, Gd, Dy and Er) through a
modified sol-gel route followed by hydrothermal method and temperature driven tuning of

the crystal structure of RCrO4 and RCrOs nanoparticles.
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3.2  Synthesis Procedure

Sol-gel synthesis route
1 : 1 : 1
R(NO;);.3H,0 Citricacid | [ Cr(NO);.9H,0

l

Distilled
Water

Stirred for RCrO, /RCrO,

Several hours Nanoparticles

25% Ammonia
PHO-10 T

Hydrothermal Bomb Cooled to RT Pellet made & Annegled

473 K/24hr Washod > 773K/97iﬁ/ 12 hrin

Fig. 1. Block diagram of the synthesis procedure for RCrO4 and RCrO3 nanoparticles.

For the present doctoral work, we have adopted modified sol-gel method along with
hydrothermal synthesis followed by annealing, to obtain the homogeneous single phase
nanocrystalline RCrO4 and RCrOs powders from hydrated nitrate salts of rare earth and
chromium [3, 4]. In the present case, the stoichiometric amounts of chromium nitrate, Cr
(NO3)3.9H20 (Alfa-aesar, 99.9%), rare earth nitrate hydrate R (NO3)3.3H20, (Alfa-aesar,
99.9%, R = Sm, Eu, Gd, Dy and Er), and citric acid (Merck, 99.5%) with 1:1:1 molar ratio
were dissolved in the deionized water. A sol with pH ~ 10 is prepared by the addition of
ammonia solution which is then transferred to a 200 ml bomb for hydrothermal treatment

at 473 K for 24 h. The precipitate was, in turn, filtered, washed with deionized water and
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dried at 423 K for 24 h. Samples are obtained by annealing the green pellets made from
the as-synthesized powder at 773 K and 973 K in air for 12 hours to obtain RCrO4 and
RCrOz nanoparticles respectively. The same has been depicted in the form of a block

diagram as shown in Figure 1.

3.3  Characterization

3.3.1 Crystal Structure

The nature of crystallinity and structural information of the powder samples have been
characterised by X-ray powder diffraction (XRD) using Bruker D8 Advance
diffractometer with Cu-Ka radiation (A = 1.54056 A). The X-ray diffractograms of as-
synthesized samples obtained from hydrothermal synthesis are found to be amorphous.
The X-ray diffractograms of the annealed samples are analysed for Rietveld profile
matching by Full-Prof software package [28]. The XRD patterns of the samples annealed
at 773 K reveal the formation of zircon-type tetragonal phase of RCrO4 with space group
141/amd, D;;symmetry [4]. Figures 2—6 shows the Rietveld profile matching of the X-ray
diffractograms of SmCrOs, EuCrO4, GdCrO4, DyCrOs, and ErCrQO4 respectively. Here the
black open circles denote the intensity of the observed X-ray diffraction pattern, lons, the
red line passing through the open circles denote the intensity of the simulated X-ray
diffraction pattern, lca. The blue line indicates the observed intensity and calculated
intensity (lobs — lcar). The green vertical lines indicate the Bragg’s position for the respective
reflections. The obtained lattice parameters a, b, ¢ and volume of the unit cell of RCrO4 (R
= Sm, Eu, Gd, Dy, Er) are given in Table 1. The calculated volume of the unit cell of
RCrO;4 is found to decrease with increase in the atomic number of the rare earth, and is in

accordance with the literature [21-24]. The XRD patterns of the samples annealed at 973

70



Chapter 3 Synthesis and Characterization

K reveal the formation of orthorhombic phase of perovskite RCrOz with space group
Pbnm, D;; symmetry [3]. Figures 7-11 show the Rietveld profile matching of the X-ray
diffractograms of SmCrOz, EuCrOsz, GdCrOs, DyCrOs, and ErCrOs respectively. The
obtained lattice parameters a, b, ¢ and volume of the unit cell of RCrOs (R = Sm, Eu, Gd,
Dy, Er) are given Table 2. The calculated volume of the unit cell of RCrOs is found to
decrease with increase in the atomic number of the rare earth, and is in accordance with
the literature [1-3].

The average crystallite size of RCrO4 and RCrOsz has been estimated using Scherer’s

formula [29], given by

0942
" Bcos 6p

. (1)

Where

t — Average crystallite size

/. — Wavelength of the X-rays (= 1.54056 A)

B — Full-width at half maximum (FWHM) of the diffraction peak

0s — Half of the Bragg’s position

The average crystallite size of RCrO4 for R = Sm, Eu, Gd, Dy and Er, estimated from
Scherer’s formula is found to be 29(2), 24(1), 46(1), 52(1) and 33(2) nm respectively. And
the average crystallite size of RCrOs for R = Sm, Eu, Gd, Dy and Er is found to be 37(1),
31(1), 32 (1), 41(2), 32(1) nm respectively. It is important to note that the high pressure
involved during the hydrothermal synthesis facilitates the stabilization of the metastable

Cr®* resulting the monodisperse single phase RCrO4 which is unstable at high temperature.
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Fig. 2. Rietveld profile matching of the X-ray diffractogram of SmCrOa.
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Table 1: Obtained lattice parameters a, b, ¢ and volume of the unit cell of RCrO4

(R =Sm, Eu, Gd, Dy, Er)

SI. No. Lattice parameters Vol. of the
RCrOs a(A) b (A) c(A) Unit cell (A3)
1 SmCrO, | 7.2317(1) | 7.2317(2) | 6.3353(1) 331.34
2 EuCrOs | 7.2205(2) | 7.2005(1) | 6.3269(2) 328.94
3 GdCrO, | 7.2075(1) | 7.2075(2) | 6.3230(1) 328.48
4 DyCrO, | 7.1348(2) | 7.1348(1) | 6.2669(2) 319.02
5 ErCrOs | 7.1024(1) | 7.1024(2) | 6.2496(1) 315.26
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Table 2: Obtained lattice parameters a, b, ¢ and volume of the unit cell of RCrOs

(R =Sm, Eu, Gd, Dy, Er)

Sl Lattice parameters Volume of

No. RCrOs a(A) b (A) c(A) | the Unit cell
(A3)

1 SmCrOs 5.5017(2) 7.6438(1) 5.3693(2) 225.81

2 EuCrOs 5.5177(1) 7.6328(2) 5.3472(1) 225.20

3 GdCrOs 5.5446(2) 7.6101(1) 5.3183(2) 224.41

4 DyCrOs 5.281050 7.585068 5.550888 222.35

5 ErCrOz 5.518594 7.525871 5.229040 217.17
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3.3.2 Morphological analysis of RCrO4 and RCrOs nanoparticles

The morphology (shape and size) of the RCrO4 and RCrO3 nanoparticles has been studied
by using Carl Zeiss ULTRA-55 field-emission scanning electron microscope (FESEM).
To visualize the shape and size of the particles, powder samples of RCrO4 and RCrOs have
been dispersed in Acetone/ Ethanol solutions using an ultra- sonicator. Two to three drops
of the dispersion was taken on a stub, dried in air, sputtered with gold, and mounted in the

FESEM machine under high vacuum.

Fig.13. Morphological images of (a) EuCrOsand (b) EuCrOz nanoparticles by FESEM.
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Figures 12 (a and b), 13 (a and b), 14 (a and b), 15 (a and b) and 16 (a and b) shows the
morphological images of SmCrO4, SmCrOsz, EuCrOs, EuCrOs, GdCrOs4, GdCrOsg,
DyCrQOg4, DyCrOg, ErCrO4, and ErCrOg, respectively. These images depict the uniform size
distribution of nanoparticles that has been possible due to adoption of hydrothermal

synthetic procedure.

Fig.14. Morphological images of (a) GACrO4and (b) GdCrOs nanoparticles by

FESEM.

Fig.15. Morphological images of (a) DyCrO4and (b) DyCrOs nanoparticles by

FESEM.
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Fig.16. Morphological images of (a) ErCrOsand (b) ErCrOz nanoparticles by FESEM.

Table 3: The approximate particle sizes of RCrO4 and RCrO3 nanoparticles.

Approximate Particle Size (nm) Approximate Particle Size (nm)
RCrO4 Nanoparticles RCrOs Nanoparticles
SMmCrO4 30 SMCrOs 70
EuCrOg4 30 EuCrOs 160
GdCrO4 70 GdCrO3 150
DyCrOg4 40 DyCrOs 90
ErCrOq4 20 ErCrOs 70

Itis to be noted that RCrO4 (R = Sm, Eu, Gd, Dy and Er) nanoparticles have been obtained
by annealing the as-synthesized amorphous at 773 K for 12 hr at ambient pressure in air.
This results in the formation of RCrO4, R = Sm, Eu, Gd, Dy and Er nanoparticles
respectively with sizes 30, 30 70, 40 and 20 nm. RCrOz nanoparticles have been obtained
by annealing the as-synthesized amorphous powder at 973 K for 12 hr at ambient pressure

in air with particle sizes 70, 160, 150, 90 and 70 nm respectively for RCrOz with R = Sm,
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Eu, Gd, Dy and Er, as given in Table 3. It is evident from the annealing temperatures that
RCrO4 forms at low temperatures with lesser particle size and RCrOz at high temperatures
with higher particle sizes respectively. That is the temperatures involved in the synthesis
control the growth of particles and the size of the particle in turn favours the formation of
tetragonal RCrO4 and orthogonal RCrOs crystalline phases respectively. The size of the
particle in turn tunes the magnetic properties. This implies the size dependent tuning of the
crystal structures and magnetic properties of rare earth chromium oxides at nanoscale with

the aid of annealing temperature.

3.3.3 Elemental Analysis of RCrO4 and RCrOs nanoparticles

The elemental analysis, i.e. the atomic percentage and/ or the weight percentage of RCrO4
and RCrOsz nanoparticles has been examined by an elemental analysis attachment provided
in the Carl Zeiss—ULTRA-55 field-emission scanning electron microscopy (FESEM). To
analyse the presence of R, Cr and O, powder samples of RCrO4 and RCrOs have been
dispersed in Acetone/ Ethanol solutions using an ultra-sonicator. Two to three drops of the
dispersion was taken on a stub, dried in air, sputtered with gold, and mounted in the
FESEM machine under high vacuum at an accelerating voltage of 20 kV. The
representative EDAX spectra for RCrO4 (R = Gd) and RCrOs (R = Er) has been given in

Figures 17 and 18 respectively.
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Fig.17. (a) The EDAX Spectrum of GdCrO4 nanoparticles, and

(b) The location of EDAX recorded on GdCrO4 nhanoparticles.
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Fig.18. (a) The EDAX Spectrum of ErCrOs nanoparticles, and

(b) The location of EDAX recorded on ErCrOs nanoparticles.

Figure 17 (a and b) shows the elemental composition spectrum of GdCrO4 nanoparticles
and the location of the GdCrO4 nanoparticles at which the EDAX spectrum has been

recorded. Figure 18 (a and b) shows the elemental composition spectrum of ErCrO3
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nanoparticles and the location of the ErCrOs nanoparticles at which the EDAX spectrum

has been recorded. Table 4 shows the weight percentage and atomic percentage of R, Cr

and O in GdCrO4 and ErCrOz nanoparticles. It has been found that the ratio of atomic

percentages of Gd, Cr and O in GdCrO4 nanoparticles is 1:1:4 within the experimental

error. Similarly, the ratio of atomic percentages of Er, Cr and O in ErCrOs nanoparticles

is found to be 1:1:3. Thus, elemental analysis confirms the presence of R, Cr and O in

RCrO4 and RCrOz nanoparticles in the ratios 1:1:4 and 1:1:3 respectively.

Table 4: The weight percentage and atomic percentage of R, Cr and O in GdCrO4 and

ErCrOs nanoparticles.

GdCrO4 Nanoparticles ErCrOs Nanoparticles
Element Weight Atomic Element Weight Atomic
Percentage | Percentage Percentage | Percentage
Gadolinium 57.99 16.86 Erbium 59.83 18.52
Chromium 18.65 16.39 Chromium 21.64 21.54
Oxygen 23.36 66.75 Oxygen 18.53 59.94
Total 100 100 Total 100 100

3.4 Conclusions

Homogeneous single phase zircon-type RCrO4 and perovskite RCrOs nanoparticles have

been synthesized through a modified sol-gel route followed by hydrothermal method from

a single precursor. Heat treatment of the as-synthesized amorphous powder at 773 K

favours the crystallization of zircon-type tetragonal RCrO4 with Chromium stabilized in
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unusual Cr°* state and 973 K results the of formation orthorhombic RCrOs with a stable
Cr3* at ambient pressure. The high pressure involved during the hydrothermal synthesis
facilitates the stabilization of the metastable Cr®* resulting the monodisperse single phase
RCrO4 which is unstable at high temperature. It has been observed that the formation of
RCrO4 nanoparticles with smaller sizes while an increase of particle has been observed in
respective RCrOs nanoparticles. The particle size plays a major role in tuning the crystal
structures and respective magnetic properties of rare earth chromium oxides at nanoscale
with the aid of annealing temperature. Elemental analysis of the samples demonstrated the
presence of R, Cr and O in RCrO4 and RCrOz3 nanoparticles in the ratios 1:1:4 and 1:1:3

respectively.
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Chapter 4

Magnetic properties of Rare earth Chromate Nanoparticles

4.1 Introduction

RCrO4 belongs to a family of compounds where the Chromium is stabilized in an unusual
oxidation state of +5 [1, 2]. As described in the previous chapters, RCrO4 crystallizes into
tetragonal structure with space groups 141/amd (No. 141, Z=4 with crystal symmetryD,;
and/or 141/a (No. 88, Z=4 with crystal symmetry C2,) referred as zircon and scheelite
phases respectively [3,4]. The two phases are inter- convertible into one another at
appropriate temperature and/or pressure conditions. The rare — earth ion, R¥ (4f14) is
located in an eight-coordinated ROs triangular dodecahedra while the chromium ion, Cr®*
(4s'3d°) in distorted CrOq tetrahedra. In RCrO4, Cr exists in paramagnetic Cr®* state that
orders ferromagnetically with Curie temperature, Tc ~ 10 K in the presence of non-
magnetic rare earth, as shown in YCrOs [5]. When R is magnetic, rare- earth orders
antiferromagnetically with Tn< 20 K. Depending on the anisotropy of the R, the ground
state of RCrOy is either ferromagnetic or antiferromagnetic. It has been reported that the
magnetic structure of RCrO4 with R = Nd-Yb is described as ferromagnetic and R = Sm,
Eu and Lu are shown to be antiferromagnetic [6, 7]. Moreover, it has been reported the
magnetic behaviour of these compounds is field- dependent [8]. When the ferromagnetic
and antiferromagnetic exchange interactions are comparable, a field- induced
metamagnetism is observed in RCrO4 with R = Ho, Gd and Lu. This is due to the strong
competition between the super exchange interactions of ferromagnetic 3d spins of Cr®*

ions and antiferromagnetic 4f spins of R%* ions [9]. Thus the complicated magnetic
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structure of RCrO4 requires an attention to study. The XRD analysis reveals that the RCrO4
nanoparticles synthesized in the present piece of work belong to zircon- type RCrOas.
Henceforth, the magnetic properties of zircon-type RCrO4 nanoparticles are discussed in
the following sections.

4.2  Magnetic Properties of RCrO4 nanoparticles

DC Magnetic measurements on RCrO4 (R = Sm, Gd, Dy and Er) nanoparticles were carried
out with a vibrating sample magnetometer in a Physical Property Measurement System
(PPMS) using stable mode option.

4.2.1 Magnetization (M) vs. Temperature (T) Measurements

Zero-Field Cooled (ZFC) and Field- Cooled (FC) magnetization measurements on rare
earth chromates, RCrO4 (R = Sm, Gd, Dy and Er) nanoparticles were carried out in the
presence of an external magnetic field, H = 100 Oe in the temperature range 2.5 K< T <
350 K. Figure 1 shows the ZFC and FC magnetization of SmCrO4 nanoparticles. It reveals
the ZFC and FC magnetization data smoothly overlap on one another with decreasing
temperature from 300 K to nearly 100 K. Though the ZFC and FC are apparently found to
be bifurcating at ~100 K, It has been observed that the magnetization (both ZFC and FC)
data exhibit a magnetic transition at 12 K, as shown in the inset of figure 1. This transition
may be referred as paramagnetic (PM) to ferromagnetic transition and the transition
temperature is referred as Curie temperature, Tc. It is observed that, ZFC and FC
magnetization increase below 12 K. The FC magnetization of SmCrO4 nanoparticles
measured at 2.5 K is 7.7 x 10°3 emu/gm. Figure 2 shows the ZFC and FC magnetization of

GdCrOa4 nanoparticles.
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Fig. 1. Zero-Field Cooled (ZFC) and Field-Cooled (FC) Magnetization of SmCrQOa.
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Fig. 2. Zero-Field Cooled (ZFC) and Field-Cooled (FC) Magnetization of GdCrQa.
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It reveals the ZFC and FC magnetization data smoothly overlap on one another with
decreasing temperature from 300 K to nearly 25 K. Below 25 K, The ZFC and FC
magnetization data increases before the bifurcation is observed at 21 K, marked as
transition temperature, Tc, as shown in the inset of figure 2. Further decrease in
temperature decreases the ZFC magnetization and increases the FC magnetization. The FC
magnetization of GdCrO4 nanoparticles measured at 2.5 K is 11.5 emu/gm. Figure 3 shows
the ZFC and FC magnetization of DyCrO4 nanoparticles. It reveals the ZFC and FC
magnetization data smoothly overlap on one another with decreasing temperature from
300 K to nearly 25 K. Below 22 K, The ZFC and FC magnetization data increase before
the bifurcation is observed at 22 K, noticed as Curie temperature, Tc, as shown in the inset
of figure 3. Further decrease in temperature decreases the ZFC magnetization and increases
the FC magnetization. The FC magnetization of DyCrO4 nanoparticles measured at 2.5 K
is 17.7 emu/gm. Figure 4 shows the ZFC and FC magnetization of ErCrO4 nanoparticles.
It reveals the ZFC and FC magnetization data smoothly overlap on one another with
decreasing temperature from 300 K to nearly 20 K. Below 20 K, The ZFC and FC
magnetization data increase before the bifurcation is observed at 16 K, perceived as
transition temperature, Tc, as shown in the inset of figure 4. Further decrease in
temperature decreases the ZFC magnetization and increases the FC magnetization. The FC
magnetization of ErCrO4 nanoparticles measured at 2.5 K is 6.3 emu/gm. The observed
transition temperatures for RCrO4 are found to decrease with increase in the atomic number
of the rare earth. Moreover, the M-T gives a direct measurement for the blocking

temperature distribution.
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Fig. 3. Zero-Field Cooled (ZFC) and Field-Cooled (FC) Magnetization of DyCrOa.
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Fig. 5. Derivative of Zero-Field Cooled (ZFC) Magnetization of RCrO4 nanoparticles.
However, the transition temperatures observed from M-T plots are the net outcome of
ferromagnetic ordering of Cr®* ions and antiferromagnetic ordering of magnetic R3* ions.
The former ordering results in Curie temperature, Tc and later gives Néel temperature, Tn.
In the present study, the FM Curie temperature (Tc) and AFM Néel temperature (Tn) for
RCrO4 nanoparticles have been obtained from the temperature (T) vs. derivative of ZFC
magnetization plots, as shown in figure 5. It reveals that ferromagnetic interactions of Cr®*
dominate over antiferromagnetic interactions in GdCrO4 nanoparticles with a T¢c = 21 K.
However, competing Cr® ferromagnetic and R** antiferromagnetic interactions exist in
DyCrO4 and ErCrO4 nanoparticles that result in Tc and Tn. The observed values of Tc and

Tn for DyCrOg are 22 and 20 K respectively. The observed values of Tc and Ty for ErCrO4
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are 15 and 13 K respectively. Similar analysis for SmCrO4 results in a Curie temperature,
Tc = 3.5 K. However, such Tc may not be accounted due to extremely low values of dyzp¢

(of the order of 107 emu gm™ Oe? K1),
4.2.2 Curie-Weiss Analysis

Temperature (T) versus field-cooled inverse susceptibility (x*) graphs have been plotted
to understand and analyze the dominant magnetic behavior of RCrO4 nanoparticles below
the transition temperature. The plots are expected to be linear in the paramagnetic regime,
known to be Curie-Weiss (C-W) plots. Figure 6 shows the T vs y* plots for SmCrOs,
GdCrO4, DyCrO4 and ErCrO4 nanoparticles respectively. The figure reveals the non-linear
C-W behavior of RCrO4 nanoparticles. It is more evident from the T vs ! plot for SmCrO.a.
The deviation of ! of RCrO4 from Curie-Weiss behavior is due to the spacing of the
multiplet levels of R®* is not compared to kT thus making the some of the R** ions in
excited states, as suggested by Van Vleck and Frank [10,11]. In particular, due to the
population of the non-magnetic ground term “Fo of Sm®*the y of Sm®" is overshadowed by
the y of Cr>*. This leads to the sole contribution of % due to paramagnetic Cr>* in SmCrOg3
[11]. Since y is greater than that given by Hund’s equation, and J is small compared to S
and L for Sm®*, the susceptibility involves the a(J) term that makes a flat y at low
temperatures. This gives a non-linear behavior to ™t of SmCrO4 nanoparticles and makes
it different from C-W law, observed for Sm** compounds [11]. Similar observation has
been reported in EuCrOs [10, 12]. Hence the non-linear T vs yplots of RCrO4
nanoparticles have been analyzed by using the modified Curie-Weiss equation given by

[10, 11]
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= () + X*]‘l . (D)

T—8cw
Where Ccw= Curie-Weiss constant and 6cw = Curie-Weiss temperature. In figure 6, the
open black circles denote the T vs. y'data and the solid red line represents the modified
Curie-Weiss fits. The obtained values of Ccw and 6w are fed to obtain the effective magnetic

moment, ueff f RCrO4 nanoparticles by using the formula

= 3Kﬁcc‘”]l/z ... (2)
B

Where, x = susceptibility
K — Boltzman’s constant
N — avogadro’s number
Mg — Bohr magnetron

Ccw — CUrie constant

The values of Curie-Weiss constant, Ccw, Curie-Weiss temperature, 6cw, obtained from
modified C-W fit and calculated perf for RCrO4 nanoparticles are given in Table 1. The
positive value of dcw of SmCrOs indicates the dominance of ferromagnetic (FM)
interaction over antiferromagnetic (AFM) interaction in the magnetic ground state. A
negative of dcw obtained for GACrO4, DyCrO4 and ErCrOy4 indicates the presence of AFM
interactions at low temperatures. The high value of fcw obtained for SmCrOs may be
attributed to the possible existence of short- range ordering. The obtained effective
magnetic moments, peff for RCrO4 nanoparticles are in accordance with the literature [1—

7].
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Fig. 6. Curie-Weiss fits of RCrO4 nanoparticles.
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Table 1: Curie -Weiss constant, Ccw, Curie-Weiss temperature, 6cw, and calculated

effective magnetic moment (uefr) for RCrO4 nanoparticles.

Sl. | RCrOq4 Curie’s Curie-Weiss Effective magnetic
No. Constant(C) Temperature (fcw) moment, uest (uB)
1 SMCrO4 0.00261 +32.66 2.36
2 GdCrO4 0.02462 -14.59 7.34
3 | DyCrO4 0.04180 -11.55 9.65
4 ErCrO4 0.02131 -2.75 6.95

4.2.3 Magnetization (M) vs. Magnetic Field (H) Measurements

Magnetization versus external magnetic field measurements (M-H curves) have been
carried out on RCrO4 (R = Sm, Gd, Dy and Er) nanoparticles in the field range -9to +9 T
at 5 K and 300 K. The M-H curves recorded on RCrO4 nanoparticles at 320 K are found to
be linear and indicate the paramagnetic nature of the samples, as shown in figure 7. Figures
8-11 shows the M-H curves recorded on RCrO4 nanoparticles at 5 K in the field range -1
to +1 T. The insets of figures 8-11 shows the same measurements in the field range -9 to
+9 T. The nearly linear behavior with zero hysteresis show the antiferromagnetic
interactions exist in SmCrOs. The presence of hysteresis He = 137, 2284 and 414 Oe
respectively reveal the presence of weak ferromagnetic R-O-Cr-O-R exchange coupling in
GdCrQOs, DyCrOas, ErCrOs. At high fields, the magnetization of DyCrOa, ErCrO4 varies
linearly with external field. The extrapolation of the plot to zero-field gives the
ferromagnetic component with M; = 110 and 100 emu/gm respectively for DyCrQOg,

ErCrQOa.
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Fig. 7. M-H curve of RCrO4 recorded at 300 K (in PM regime) in the range
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Fig. 8. M-H curve of SmCrO4 nanoparticles recorded at 5 K.

The inset shows the curves in the range H=-9Tto +9 T.
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Fig. 9. M-H curve of GdCrO4 nanoparticlesrecorded at 5 K.
The inset shows the curves in the range H=-9 T to +9 T.
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Fig. 10. M-H curve of DyCrO4 nanoparticlesrecorded at 5 K.
The inset shows the curves in the range H=-9 T to +9 T.
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Fig. 11. M-H curve of ErCrO4 nanoparticlesrecorded at 5 K.

The inset shows the curves in the range H=-9 T to +9 T.

However, the magnetization of GdCrO4 was found to saturate at high fields with M, = 152

emu/gm. Since Cr* is nonmagnetic, the contribution to the measured magnetic moment is

expected to be solely from the rare earth, R%". Similar to SmCrO4, the nearly linear M-H

plot reveals the presence of antiferromagnetic interactions in SmCrQOs.

4.3 Conclusions

The DC Magnetization measurements on the RCrO4 (R = Sm, Gd, Dy and Er) nanoparticles

exhibit magnetic transition temperature as a result of antiferromagnetic ordering of R** and

ferromagnetic ordering of Cr®* ions. The analysis of by dyzrc/dT curves confirm the
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presence of antiferromagnetic ordering of R3* sublattice and ferromagnetic ordering Cr°*
sublattice with a closely spaced Néel and Curie temperatures (Tn and Tc) at low
temperatures. The presence of a non-zero hysteresis and unsaturation of spontaneous
magnetization at high fields observed in M-H curves validate the simultaneous competing
antiferromagnetic and ferromagnetic interactions that lead to magnetic frustration in
RCrO4 with a ferromagnetic ground state. The non-linear behavior of Curie-Weiss fits
confirms the VanVleck contribution due to rare earth ions. The magnetic moment per
formula unit estimated from modified Curie-Weiss fits are accounted for Cr°* moments
along with R¥ moment in RCrO4 nanoparticles respectively and found to be in accordance

with the literature.
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Chapter 5

Magnetic Properties of Rare earth Orthochromite Nanoparticles

51 Introduction

Rare earth orthochromites, RCrOsz (R = rare earth/ Yttrium), are a class of oxides that
exhibit unusual magnetic properties due to their electronic correlations [1-5]. As described
in earlier chapters, the chromium ions, Cr3" occupy the octahedral B- site while the rare
earth ions, R®* occupy nine-coordinated A- site. Due to DM interaction, theCr®* spins
undergo a paramagnetic (PM) to antiferromagnetic transition (AFM) with a canting of
spins in the chromium sublattices, forms I's (Gx, Ay, Fz) magnetic ground state, as reported
in YCrOs [6-7]. The ground state I's remains the same and the magnetic property of RCrO3
(R=Y, La) is solely governed by Chromium unless affected by the presence of a magnetic
rare earth. The presence of a magnetic R®*" ion brings in magnetic anisotropy that promotes
phenomena like negative magnetization, magnetic compensation and spin- reorientation
(SR) in RCrO3 [8-9]. This temperature-dependent 3d—4f interaction between magnetic R
and Cr®* may give rise to I'; (Fx, Cy, G;) and/or T'1 (Ax, Gy, C;) ground state spin
configurations with I'1 being the collinear antiferromagnetic spin structure of Cr sublattice
[10-11]. This necessitates studying the complex magnetic behavior of RCrOa. In addition,
the size effects due to the controlled particle growth are expected to alter the magnetic
properties of RCrOz due to competing sublattice magnetizations. This may be reflected
with a change in the transition temperature (Tc or Tn), Compensation temperature (T°),

and spin-reorientation temperature (Tsr). In view of such exciting magnetic behavior, we
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report the magnetic properties of RCrOs (R = Sm, Gd, Dy and Er) nanoparticles through

DC magnetization measurements in the present chapter.

5.2 Magnetic Properties of RCrOs

DC Magnetic measurements on RCrOsz (R = Sm, Gd, Dy and Er) were carried out with a
vibrating sample magnetometer in a Physical Property Measurement System (PPMS) using
stable mode option.

5.2.1 Magnetization (M) vs. Temperature (T) Measurements

Zero-Field Cooled (ZFC) and Field-Cooled (FC) magnetization measurements on rare
earth orthochromites, RCrOs (R = Sm, Gd, Dy and Er) nanoparticles were carried out in
the presence of an external magnetic field, H = 100 Oe in the temperature range 2.5 K <T
< 350 K. Figure 1 shows the ZFC and FC magnetization of SmCrOz nanoparticles. It
reveals the ZFC and FC magnetization data smoothly overlap on one another with
decreasing temperature from 350 K to 198 K. The ZFC and FC magnetization bifurcates
at 198 K indicating the paramagnetic (PM) to canted antiferromagnetic (CAFM) transition,
marked as Néel temperature,T;" as shown in inset (a) of figure 1. The transition is due to
the canting of antiferromagnetically ordered spins at Cr sublattices as a result of
antisymmetric Dzyaloshinskii-Moriya interaction [12]. The FC magnetization increases
with decrease in temperature at 198 K for SmCrOz due to weak ferromagnetic moment that
arises due to the canting of Cr3* spins at the Chromium sublattices. Further, the decrease
in FC magnetization reveals that SmCrOs nanoparticles undergo a spin-reorientation (SR)

with spin-reorientation temperature, Tsg = 80 K, as shown in the inset (b) of figure 1.
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nanoparticles.
Figure 2 shows the ZFC and FC magnetization of GACrO3 nanoparticles. It reveals the
ZFC and FC magnetization data smoothly overlap on one another with decreasing
temperature from 350 K to 168 K. The ZFC and FC magnetization bifurcates at 168 K
indicating the PM to CAFM transition, noticed as Néel temperature, T5" as shown in inset
(a) of figure 2. However, it is observed that the magnetization of the GdCrOs3 nanoparticles
is not analogues to the bulk GdCrOs [13]. Both Zero field- cooled and field-cooled
magnetization of the GdCrOs nanoparticles shows anomalous behavior. Below the T5" (=
168 K), the FC increases initially and undergoes a spin-reorientation (SR) with a
compensation temperature, T* ~ 128 K, as shown in the insets (a) and (b) of figure 2.
Below 128 K, the sample exhibits a negative magnetization and show further anomalies at

25, 19 and 13 K before it shoots up to attain saturation value 2.69 emu/gm at 2.5 K. This
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is due to the competition between the sub-lattice magnetization of Chromium and

Gadolinium sub-lattices, and is expected in oxide materials.
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Fig. 2. Zero-Field Cooled (ZFC) Field-Cooled (FC) Magnetization of GdCrOs

nanoparticles.

Figure 3 shows the ZFC and FC magnetization of DyCrO3 nanoparticles. It reveals the
ZFC and FC magnetization data smoothly overlap on one another with decreasing
temperature from 350 K to 143 K. The ZFC and FC magnetization bifurcates at 143 K
indicating the PM to CAFM transition, observed as Néel temperature, TS as shown in
inset (a) of figure 3. Below the Néel temperature, 75" = 143 K, the FC magnetization
increases with decreasing temperature and DyCrOs nanoparticles undergoes a spin-
reorientation at Tsr ~ 5 K, as shown in inset (b) of figure 3. Below Tsgr, the FC

magnetization drops rapidly to nearly zero emu/gm.
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Fig. 3. Zero-Field Cooled (ZFC) Field-Cooled (FC) Magnetization of DyCrO3

nanoparticles.

Figure 4 shows the ZFC and FC magnetization of ErCrOs nanoparticles. It reveals the ZFC
and FC magnetization data smoothly overlap on one another with decreasing temperature
from 350 K to 143 K. The ZFC and FC magnetization bifurcates at 133 K indicating the
PM to CAFM transition, perceived as Néel temperature, T" as shown in inset (a) of figure
4. Below the Néel temperature, T5" = 133 K, the FC magnetization increases with
decreasing temperature and ErCrO3 nanoparticles undergoes a spin-reorientation at Tsr ~
16 K, as shown in inset (b) of figure 4. Below Tsg, the FC magnetization drops to nearly
zero emu/gm. The observed Neel temperatures for RCrOsnanoparticles are found to
decrease with increase in the atomic number of the rare earth. It is to be noted that the
observed value of T$" for RCrOs nanoparticles matches with the literature and confirms

size effects do not play a role in altering the Néel temperature [8, 9 and 14].
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Fig. 4. Zero-Field Cooled (ZFC) Field-Cooled (FC) Magnetization of ErCrO3

nanoparticles.

Temperature (T) vs. derivative of ZFC magnetization (dyzz¢/dT) curves of RCrOz (R =
Sm, Gd, Dy and Er) nanoparticles are plotted to confirm the Néel temperature (TS")
obtained from M-T measurements, as shown in Figure 5 (a—d). Since a weak ferromagnetic
moment exists in RCrOz below T$" due to the canted antiferromagnetic coupling of the
Cr3* spins, the peak values on the negative side of (dy,rc/dT) are taken to be TS, against
the procedure adopted in chapter 4. The obtained values of Néel temperature TS" are 200,
169, 144 and 133 K respectively for SmCrOz, GdCrOgz, DyCrOz and ErCrOz as depicted

in figure 5 (a —d).
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Fig. 5. Derivative of Zero-Field Cooled (ZFC) Magnetization of RCrO3z nanoparticles.

5.2.2 Curie -Weiss Analysis

Temperature (T) versus field- cooled inverse susceptibility (1) graphs have been plotted

to understand and analyze the dominant magnetic behavior of RCrOsz nanoparticles below

Néel temperature, T5". The plots are expected to be linear in the paramagnetic regime,

known to be Curie- Weiss (C-W) plots. Figure 6 shows the T vs. ! plots for SmCrOs,

GdCrOs3, and DyCrOs and ErCrOs nanoparticles respectively.
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Fig. 6. Modified Curie-Weiss fits of RCrOs nanoparticles.
It is observed that the RCrOs nanoparticles do not exhibit C- W behavior, i.e. linear
behavior. It is more evident from the T vs y* plots for SmCrOs. The deviation of y*! of

RCrO; from Curie-Weiss behavior is due to the spacing of the multiplet levels of R%* is
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not compared to KT thus making some of the R** ions in excited states, as suggested by
Van Vleck and Frank [15, 16]. In particular, due to the population of the non-magnetic
ground term “Fo of Sm3*, the y of Sm3*is overshadowed by the y of Cr3*. This leads to the
sole contribution of y due to paramagnetic Cr®* in SmCrOs [15-17]. Similar observation
may be made in EuCrOs. Since y is greater than that given by Hund equation, and J is small
compared to S and L for Sm**, the susceptibility involves the o(J) term that makes a flat y
at low temperatures. This gives a non-linear behavior to %! of SmCrO3 nanoparticles and
makes it different from C-W law, observed for Sm**compounds. Similar observation has

been made in RCrO4 nanoparticles, as explained in the previous chapter [17].

Hence the non-linear T vs y* plots of RCrOs nanoparticles have been analyzed by using

the modified Curie-Weiss equation given by [18]

= () + X*]‘l ()

T—0cw

Where Cy = Curie-Weiss constant and 0w = Curie-Weiss temperature. In figure 5, the open
black circles denote the data and the solid red line represents the modified Curie- Weiss
fits. The obtained values of Ccw and Ocw are fed to obtain the effective magnetic moment,

Lest OF RCrO3 nanoparticles by using the formula

_ (3%BCawq 1/,
Herr [ K3 ] - (2)

Where, y = susceptibility

Ks — Boltzmann’s constant

N — Avogadro’s number
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Mg — Bohr magnetron

Ccw — Curie constant

The values of Curie-Weiss constant, Ccw, Curie-Weiss temperature, Ocw, obtained from

modified C-W fit and calculated perr for RCrOs nanoparticles are given in Table 1. From

the table, it is evident that the positive value of 6cw for SmCrO3z and GdCrOz nanoparticles

indicates the dominant weak- ferromagnetic (WFM) interactions over antiferromagnetic

interactions with possible existence of I'2 (Fx, Cy, Gz) phase ground state. The high value

of Bcw obtained for SmCrOs may be attributed to the possible existence of short-range

ordering. It immediately follows that chromium ions do not exist in collinear magnetic

ground state. The negative values of 8w for DyCrOs and ErCrOsz nanoparticles demonstrate

the dominance of AFM interactions and confirms the possible existence of I'1 (Ax, Gy, Cz)

phase ground state. The uert for RCrOsz nanoparticles are in accordance with the literature

for bulk RCrO3[19].

Table 1: Curie-Weiss constant, Ccw, Curie-Weiss temperature, 6cw, and calculated

effective magnetic moment (uerr for RCrOs.

SI. RCrOs Curie-Weiss Curie-Weiss Effective magnetic
No. Constant, Ccw | Temperature, fcw (K) moment, pest (us)
1 SmCrO3 0.00109 +533.92 1.57
2 GdCrOs 0.03467 +19.59 8.42
3 DyCrOs 0.04505 -8.66 9.78
4 ErCrOs 0.03306 -12.86 8.41
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5.2.3 Magnetization (M) vs. Magnetic Field (H) Measurements

Magnetization versus external field measurements (M—H curves) has been carried out on
RCrOz nanoparticles in the field range -9 to +9 T at 2.5 K and 320 K. The M-H curves
recorded on RCrOs nanoparticles at 320 K are found to be linear and indicate the

paramagnetic nature of the samples, as shown in figure 7.
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Fig. 7. M-H curve of RCrOs recorded at 320 K (in PM regime) in the range H =-9 T to
+9T.

Figures 8-11 show the M-H curves recorded on RCrOs nanoparticles at 2.5 K in the field
range -1 to +1 T. The insets show the figures 8-11 as the same measurements in the field
range -9 to +9 T. From this, the observed values of hysteresis, Hc for RCrOs nanoparticles

are 170, 483, 682, 1497 Oe respectively for R = Sm, Gd, Dy and Er.
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Fig. 8. M-H curve of SmCrOz nanoparticles recorded at 5 K.
The inset shows the curves inthe range H=-9 T to +9 T.
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Fig. 9. M-H curve of GdCrOz nanoparticles recorded at 2.5 K.
The inset shows the curves in the range H=-9 T to +9 T.
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Fig. 10. M-H curve of DyCrOs nanoparticles recorded at 2.5 K.
The inset shows the curves in the range H=-9 T to +9 T.
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Fig. 11. M-H curve of ErCrOz nanoparticles recorded at 2.5 K.
The inset shows the curves in the range H=-9 T to +9 T.
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The observed nearly linear M—H plot for SmCrO3 nanoparticles reveal the presence of
antiferromagnetic interactions, as shown in figure 8. Figure 9 shows that the magnetization
of GdCrOs was found to saturate at high fields with the magnetic moment at zero-field,
Mz (0 Oe) = 136 emu/gm. The pinning of the magnetization near to zero external fields
shows the presence of canting of Cr** sublattices in GdCrOs. Thus, the observed
magnetization in GdCrOs nanoparticles is the result of weak ferromagnetic component due
to canting of Cr sublattices with an additional contribution from the paramagnetic Gd*".
Figures 10 and 11 reveals the smooth nature of spontaneous magnetization near to zero
fields with nearly zero hysteresis for DyCrOz and ErCrOs reveal the collinear
antiferromagnetic ordering of the Cr sublattices with zero canting in the ground state. At
high fields, the magnetization of DyCrOs, ErCrOs found not to saturate with observed
magnetic moments, Mz at zero-field 86 and 60 emu/gm respectively. Due to the absence
of canting of Cr sublattices, the Mz values observed for DyCrOs and ErCrOs are expected
to be totally from the paramagnetic Dy** and Er®* ions respectively. It was shown in
orthoferrites, isostructural to orthochromites that the magnetization tends to zero as a result
of collinear antiferromagnetic ordering of Cr sublattices with the presence of non-magnetic
rare earth [20]. Thus, it may be concluded that the contribution to ground state
magnetization at zero-field in RCrOz with a magnetic R and zero canting of the Cr

sublattices is solely from the paramagnetic rare earth.

5.3 Conclusions
The DC magnetization measurements on the RCrOsz (R = Sm, Gd, Dy and Er) nanoparticles

reveal the antiferromagnetic ordering of the Chromium sublattices with a canting of Cr3*
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spins resulting a weak ferromagnetic moment. The weak ferromagnetic moment below
TS$"makes RCrOs to exhibit a non-negligible ferromagnetic hysteresis loop with a pinning
at the origin of the M-H curves. M-T curves demonstrate that SmCrO3z, DyCrOs and
ErCrOsz are found to be in antiferromagnetic ground state while GdCrOz is in weak
ferromagnetic. The magnetic moment per formula unit estimated from modified Curie-
Weiss fits are accounted for Cr¥* moments along with R®* moment in RCrOs nanoparticles

respectively and found to be in accordance with the literature.
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Chapter 6

Electron Paramagnetic Resonance of RCrOs (R = Eu, Gd and Er)

6.1 Introduction

RCrOs compounds crystallize into orthorhombic structure in such a way that the Cr3* spins
at B- site undergo a paramagnetic-canted antiferromagnetic transition below Neéel
temperature (T4) due to antisymmetric Dzyaloshinskii-Moriya(DM) exchange interaction
between neighboring Cr®" spins [1-2]. It is to be noted that the ground state spin
configuration of RCrOz is I's (Gx, Ay, Fz) with a weak ferromagnetic moment for R =Y,
La [3-5]. The ground state is collinear antiferromagnetic in the case of ErCrOs with I't
(Ax, Gy, C;) spin structure with expected magnetic moment to be zero at T = 0 K [6-7].
For R = Ce, Pr, Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Tm, Yb and Lu, RCrO3 is found to settle
in canted antiferromagnetic ground state with I'2 (Fx, Cy, G;) spin arrangement [8-10]. This
may give rise to a non-zero magnetic moment at zero kelvin. This indicates a non-magnetic
rare earth favors the I'4 spin structure. The presence of magnetic rare earth brings in a
temperature-dependent 3d—4f interaction between magnetic R®* and Cr3* that may give rise
to I'2 and/or "1 ground state spin configuration in RCrOz [7]. In addition, the presence of
a magnetic R** ion (in place of non-magnetic Y**) brings in magnetic anisotropy that
promotes the phenomena like negative magnetization, magnetic compensation and spin-
reorientation (SR) in RCrO3 [11,12]. Since the magnetism due to R3* is masked by Cr3*
over a wide range down to low temperatures, limited is known about the magnetic
anisotropy of the rare earth in RCrOs oxides [13, 14]. In view of this, temperature —

dependent electron paramagnetic resonance (EPR) spectra have been recorded on RCrO3
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and analyzed through Landau-Lifshitz-Gilbert (LLG) equation to understand the role

played by the magnetic anisotropy of rare earth.
6.2  Critical View on Magnetic Properties of RCrOs (R = Eu, Gd and Er)

It is shown from the previous chapter that RCrOs compounds do not obey Curie-Weiss
behavior, i.e. a linear form of reciprocal susceptibility with temperature in the
paramagnetic regime that makes us to analyze the data using a modified Curie-Weiss
equation. Figures 1 and 2 show the zero-field cooled (ZFC) and field-cooled (FC)
magnetization (M) and reciprocal susceptibility (y~!) of ErCrOs with temperature
respectively in the range 3-350 K. The Néel temperature of ErCrOz being 137 K, it is
expected that the y 1 follows a straight line above 137 K in the paramagnetic regime. In
fact, the y~1 exhibits a non-CW behavior above 137 K, as shown in figure 2. Moreover,
the y~1 is found to decrease in the temperature range 280 — 350 K. This is corroborated by
a bifurcation of ZFC and FC magnetization in the same temperature range, as revealed in
the inset of Figure 1. Similar observation has been made on EuCrOz nanoparticles as shown
figures 3 and 4. It shows zero-field cooled (ZFC) and field-cooled (FC) magnetization (M)
and reciprocal susceptibility (y ~1) of EuCrOs with temperature respectively in the range 3
— 350 K. The Néel temperature of EuCrOs being 181 K, it is expected that the y = follows
a straight line above 181 K in the paramagnetic regime. In fact, the y = exhibits a non C-
W behavior above 181 K, as shown in figure 4. Moreover, the y =1 is found to deviate from
the non-linear behavior in the temperature range 250 — 350 K. This is corroborated by a
bifurcation of ZFC and FC magnetization in the same temperature range, as revealed in
the inset of Figure 3. Figure 5 and 6 show the zero-field cooled (ZFC) and field-cooled

(FC) magnetization (M) and reciprocal susceptibility (y 1) of GdCrOs with temperature
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respectively in the range 3 — 350 K. The Néel temperature of GdCrOz being 168 K and it

is found that the y~* follows a linear behavior above 168 K in the paramagnetic regime

and exhibits a CW behavior, as shown in figure 6. Moreover, no bifurcation has been

observed in ZFC and FC magnetization in the temperature range 250 — 350 K, as depicted

in the inset of Figure 5. This prompted us to study the complex magnetic behavior of

RCrO3z to search for a magnetic anomaly/transition in this temperature range. Since the

RCrOz is in the paramagnetic state in this range that gives nearly zero magnetization, we

have studied the magnetic property of RCrOz (R = Eu, Gd and Er) through temperature

dependent electron paramagnetic resonance (EPR) spectroscopy.
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Fig.1. Magnetization of ErCrOz with temperature. The inset shows the bifurcation of
ZFC and FC magnetization in the range 280 — 350 K.
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Fig. 2. Reciprocal Susceptibility (y*) of ErCrOs with temperature.
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Fig.3. Magnetization of EuCrOz with temperature. The inset shows the bifurcation of
ZFC and FC magnetization in the range 250 — 350 K.
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Fig. 6. Reciprocal Susceptibility (y) of GACrOs with temperature.

EPR is a powerful tool to study the dynamics of spin states across the transition in a
magnetic system, canted antiferromagnets in particular. An appropriation of the EPR for
the variation of the research intended is stated by its ability to differentiate clearly between
the different kinds of magnetic order because they give rise to significantly different

variations of the EPR line width with temperature.
6.3  Room-temperature EPR Spectra of RCrOs (R = Eu, Gd and Er)

Figure 7 shows the electron paramagnetic resonance spectra of EuCrOs, GdCrOs, and
ErCrOs nanoparticles at 373 K, with rate of power, dP/dH absorbed on the Y-axis with
respect to the external magnetic field, H on the X-axis at a fixed frequency of 9.2 GHz,
shown by open circles. The thick red line passing through the data is the Landau-Lifshitz-
Gilbert (LLG) non-linear least square fit, explained in the forth coming discussion. The

EPR spectral parameters that have been obtained from the observed spectral analysis are
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the resonance field, Hres (the field where the dP/dH = 0 line cuts the dP/dH versus H curve),
the peak-to-peak width, AHpp (the field difference between the extrema of the dP/dH versus
H curve), the peak-to-peak differential intensity, Alpp (the spectral intensity difference
between the extrema of dP/dH versus H curve). The observed values for the resonance
field, Hres and the line-width, AHpp and differential intensity, Alpp at 373 K are given in
Table 1. The observed value of the g-factor at 373 K is nearly 2 and confirms the

paramagnetic nature of RCrOz nanoparticles.

dP/dH (Arb. Units)

g LUCTO,

0 2000 4000 6000 8000
H (kOe)

Fig.7. EPR spectra of EuCrOz, GACrOgz, and ErCrOs nanoparticles at 373 K.
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Table 1: The observed values of the resonance field, Hres, the line-width, AHpp and

differential intensity, Alpp at 373 K.

Sl. No. | RCrOs Resonance Peak-to-peak Differential intensity, Alpp
field, Hres (Oe) | width, AHpp (Oe) (Arb. Units)
1 EuCrOs 3380 2227 2851
2 GdCrOs 3282 1149 2910
3 ErCrOs 3285 484 1855

6.4  Temperature-dependent EPR Spectra of RCrOs (R = Eu, Gd and Er)

To examine the magnetic transitions, temperature dependent electron paramagnetic
resonance spectra (EPR) were recorded on EuCrOs, GdCrOs, and ErCrOz nanoparticles in
the X-band region in the range 116 — 373 K using a liquid nitrogen cryostat, as described
in chapter 2. Figures 8, 9 and 10 show the electron paramagnetic resonance spectra of
EuCrOs, GACrOs and ErCrOs nanoparticles at three different temperatures in the range 116
— 373 K with rate of power, dP/dH absorbed on the Y-axis with respect to the external
magnetic field, H on the X-axis. The change of spectral line shape observed for EuCrOs at
118, 273 and 373 K indicates that EuCrOz may exists in three different magnetic states, as
observed in figure 8. Similar observation may be made for ErCrOz at 116, 203, 373 K
respectively, as given in figure 9. However, the nearly similar line shape observed for
GdCrOs at 253 and 373 K may indicate that GdCrOs3 exists in the same magnetic state at
253 and 373 K. A different line shape with change of spectral intensity at 123 K reveals

the presence of different magnetic state, as shown in figure 10.
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Fig. 8. As-recorded EPR spectra of EuCrOznanoparticles as a function of temperature.
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Fig. 9. As-recorded EPR spectra of ErCrOz nanoparticles as a function of temperature.
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Fig.10. As-recorded EPR spectra of GdCrOs nanoparticles as a function of temperature.

To ascertain the nature of magnetic anisotropy of rare earth on the chromium sublattice,
the EPR spectra have been analyzed by line-shape analysis [15, 16]. The complete line
shape of dP/dH versus H curves recorded at different temperatures of EuCrOs, GdCrO3
and ErCrOs have been analyzed with the aid of a non-linear least square fit program in the
light of Landau-Lifshitz-Gilbert (LLG) equation for a polycrystalline material. The
program treats the Lande’s splitting factor g, saturation magnetization 47M:s as free-fitting
parameters and makes use of the observed values of AHp, (= 1.45Aw/y%Ms). The values
of anisotropy field Hk are derived from the lineshape analysis using the resonance

condition given by
[(@/¥)? + 2] = (Hyes + 4TMs + H,)(H + Hy) (D)

[(@/7)? + %] = (Hyes + 4nMs — Hy)(H — Hy) . (2)
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by solving the dynamic magnetization motion from Landau Lifshitz- Gilbert equation

M _ A am
= oy (MXHen) + (M x 52) (3

Where I' = Aw/y?Mj is the line width of parameter, y = ge/2mc, magneto mechanical
ratio and A is the Gilbert damping factor, Hess is the effective magnetic moment of the spins.
In addition, the line shape analysis reveals that the Lande’s splitting factor g has a
temperature-independent value of about 2.00 throughout the temperature range, which
resembles the paramagnetic nature of the RCrOz (R = Eu, Gd and Er). This is due to the
fact that RCrOs contains two magnetic viz. R** and Cr3* species. It is to be noted that Cr3*
spins undergo a PM-CAFM transition below Néel temperature, while the R®* spins may
remain to be paramagnetic down to low temperatures that gives rise to nearly constant
value of the Lande’s splitting factor. The parameters obtained from the detailed analysis
of temperature dependent EPR spectra are the peak-to-peak width, AHpp, the peak-to-peak
differential intensity, Alpp, termed as EPR parameters and the spontaneous magnetization,

4nMs (emu/cm?®) and magnetic anisotropy field, Hx (kOe), named as magnetic parameters.

Figures 11(a) shows the variation of observed values of Alpp as a function of temperature
of EuCrOa. It reveals that the values of Alpp are nearly constant from 118 K to 178 K.
Further increase in temperature results an abrupt increase in Alpp vValues has been observed
in the temperature range 178 — 188 K, depicts a magnetic transition. Above 188 K, the Alpp
values decrease gradually up to 373 K with a dip around 293 K. Figures 11(b) shows the
variation of observed values of AHpp as a function of temperature of EuCrOs. It reveals
that the values of AHpp do not vary appreciably from 118 K to 178 K. A sudden increase

in AHpp values has been observed at temperature 178 K, corroborated by a magnetic
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transition with an abrupt change of Alpp values. This is attributed to canted
antiferromagnetic to paramagnetic transition of the Cr3* spin structure in EuCrOs with Néel
temperature, Tn = 181 K, observed from DC magnetic measurements. Further increase in
temperature results a gradual increase of AHpp values from 183 — 297 K. Further, an abrupt
decrease of the AHpp values has been observed from 297 — 312 K; similar to a dip in Alpp

values around 293 K, indicates the presence of a magnetic transition in EuCrOa.

4500
@ /DD[‘::EEDD:‘[D
S - \
< 3000 | (b) o =
& | ey,
<1 1500 |-
e w e
N 1 N 1 N
) /Ooo@ EuCrO,
= (a) 4 oo
= OOO\OO
-:% e, o 0D
N’
_& CQo0000cdR
< N 1 N 1 N
100 200 300 400

T(K)

Fig. 11. The EPR spectral parameters peak-to-peak width (AHpp) and differential

intensity (Alpp) of EuCrO3 with temperature.

Figures 12(a) and 12(b) shows the variation of spontaneous magnetization, magnetic

anisotropy field, Hx (kOe) and 4nMs (emu/cm?) of EuCrQOs in the temperature range 118
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— 373 K, obtained from the analysis of temperature dependent EPR spectra using LLG

equations.
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Fig. 12. The magnetic parameters spontaneous magnetization (4wMs) and magnetic

anisotropy field (HK) of EuCrOz as a function of temperature.

The spontaneous magnetization undergoes a rapid increase from 173 K to 183 K with
increasing temperature, indicating the canted antiferromagnetic to paramagnetic transition
in EuCrOz. Above 183 K, the 4nMs value is nearly constant up to 288 K with a sudden
decrease in the temperature range 288 — 308 K. In addition, the spontaneous magnetization
is almost constant above 308 K, in the paramagnetic regime. Figure 12(b) reveals that the
values 4tMs do not vary appreciably in the temperature range 118 — 173 K. Figure 12(a)
demonstrates that the values of magnetic anisotropy field (Hx) are nearly constant in the

temperature range 118 — 173 K before the Hk values undergo a rapid decrease in the range
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118 — 183 K. Again, the anisotropy field values do not change noticeably in the range 183

— 288 K and undergo a sudden increase in the range 288 — 308 K above the Hk values

become nearly constant. A similar trend has been observed in the case of spontaneous

magnetization, 4ntMs values. It should be noted that the variation of 4nMs and Hg in the

range is attributed to the canted antiferromagnetic to paramagnetic transition of Cr3* spin

structure in EuCrOs, supported by the variation of AHpp and Alpp values. However, the

magnetic transition observed in the temperature range 288 — 308 K, supported by the

variation of AHpp, Alpp, 4tMs and Hg with the apparent non-linear behavior of inverse

susceptibility (%) in the paramagnetic regime of EuCrOs is not known and needs further

investigation.
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Fig. 13. The EPR spectral parameters peak-to-peak width (AHpp) and differential

intensity (Alpp) of GdCrOs with temperature.
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Figures 13(a) shows the variation of observed values of Alpp as a function of temperature

of GdCrO:s. It reveals that the value of intensity goes smoothly decreasing until it reaches

around 163 K which is a transition temperature. Above 163 K, it shoots up suddenly. The

second figure which is figure 13 (b) is showing the peak to peak delta versus temperature

of GdCrQOz. It has been observed from the graph that the values of AHpp undergo a sharp

increase at nearly 167 K in GdCrOs, above which it gradually decreases, which indicates

the changes occurring in the material. This is attributed to canted antiferromagnetic to

paramagnetic transition of the Cr®* spin structure in GdCrOs with Néel temperature, Ty =

168 K, observed from DC magnetic measurements.
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Fig. 14. The magnetic parameters spontaneous magnetization (4xMs) and magnetic

anisotropy field (Hk) of GdCrOz as a function of temperature.

Figures 14(a) and 14(b) show the variation of spontaneous magnetization, 4tMs (emu/cm?®)

and magnetic anisotropy field, Hx (kOe) of GdCrOs in the temperature range 118 — 373 K,
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obtained from the analysis of temperature dependent EPR spectra using LLG equations.
Figure 14(b) reveals that the value of 4tMS almost follows the constant trends until it
reaches 163 K. Above 163 K the value of 4nMs suddenly decreases and gets neutral upto
the highest temperature range. Figure 14(a) demonstrates that the values of magnetic
anisotropy field (Hk) are nearly equal value at the starting but when it reaches 163 K, it
started increasing abruptly. Above 163 K the anisotropy value follows the constant path.
A similar trend has been observed in the case of spontaneous magnetization, 4tMs values.
It should be noted that the variation of 4tMs and Hk in the range is attributed to the canted
antiferromagnetic-paramagnetic transition of Cr3* spin structure in GdCrOs, supported by

the variation of AHpp and Alpp values.
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Fig. 15. The EPR spectral parameters peak-to-peak width (AHpp) and differential
intensity (41pp) of ErCrOs with tempetature.
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Figures 15(a) shows the variation of observed values of Alpp as a function of temperature.

It reveals that the values of spectra of Alpp are slowly increasing with an increasing order

of temperature. But when it reaches at around 133 K it races down rapidly up to 139 K

after which it follows constant and again shoots up suddenly at 300 K which depicts a

magnetic transition. Like EuCrOgz even in this compound, we can see two transitions

depending upon the temperature.

Figure 15(b) shows the variation of observed values of AHpp as a function of temperature.

From here we can see that, the spectra is decreasing with an increasing order of temperature

but at around 139 K it has almost follows the constant trend until it reaches the temperature

range of 300 K.
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Fig. 16. The magnetic parameters spontaneous magnetization (4tMs) and magnetic

anisotropy field (Hk) of ErCrOz as a function of temperature.
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Figures 16(a) and 16(b) show the variation of spontaneous magnetization, magnetic
anisotropy field, Hk (kOe) and 4nMs (emu/cm?®) of ErCrQgz in the temperature range 116
— 373 K, obtained from the analysis of temperature dependent EPR spectra using LLG
equations. Figure 16(a) demonstrates that the values of magnetic anisotropy field (Hg) are
constantly increasing in the temperature range 117 — 173 K before the Hk values undergo
a rapid decrease in the range 173 — 243 K. Again, the anisotropy field values do not change
noticeably in the range 243 — 301 K and undergo a sudden decrease and then increase in
the range 301 — 313 K before the Hk values become nearly constant. From figure 16 (b)
we can observe that the magnetization is decreasing gradually with an increasing
temperature and became almost constant until a mild increase. When it reaches at around

300 K it has a sudden increase which we have been showed in other parameters too.

A similar trend has been observed in the case of anisotropy field, Hk values. It should be
noted that the variation of 4nMs and Hk in the range is attributed to the canted
antiferromagnetic- paramagnetic transition of Cr* spin structure in ErCrOs, supported by
the variation of AHpp and Alpp values. However, the magnetic transition observed in the
temperature range 301 — 313 K, supported by the variation of AHpp, Alpp, 4tMs and Hk
with the apparent non-linear behavior of inverse susceptibility () in the paramagnetic
regime of ErCrOz is not known and needs further investigation. The transition
temperatures are not overlapping with each other which show the presence of more than

one transition.
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6.5 Conclusions

DC magnetic measurements on the RCrOz where (R = Eu, Gd and Er) nanoparticles shows
Cr* spins undergo a paramagnetic to antiferromagnetic transition at 181, 168 and 137 K
respectively at Néel temperature (T5") with canting of spins at chromium sub-lattice due
to antisymmetric Dzyaloshinskii-Moriya transition. At low temperatures, the chromium
spin-structure appears to take I'> (Fx, Cy, G;) in case of EuCrOsz and GdCrOs nanoparticles
while the ground state spin configuration is I'1 (Ax, Gy, C;) in and ErCrOs nanoparticles.
A critical view of magnetic measurements reveal that EuCrO3z and ErCrOs exhibit an
unusual bifurcation of ZFC and FC magnetization in the paramagnetic regime, close to
room temperature. This indicates the presence of a magnetic transition unlike the PM-
CAFM transition. However, such anomaly has not been observed in GdCrOs. Detailed
analysis of the temperature dependent EPR spectra recorded in the range 118 — 373 K
shows the R3* spins remain in the paramagnetic state and the magnetic anisotropy plays a
major role in tuning the spin structure of chromium. The PM —-CAFM transition in all the
three chromites in discussion and unfamiliar magnetic transition in EuCrO3 and ErCrOs
have been corroborated by an abrupt variation of line-width (AHpp) and Differential
intensity (Alpp), the spontaneous magnetization (4tMs), and magnetic anisotropy field (Hx)

at respective magnetic transitions.
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Chapter 7

Conclusions

Homogeneous single phase zircon-type tetragonal RCrOs and perovskite RCrO3
nanoparticles have been synthesized through a modified sol-gel route followed by
hydrothermal method from a single precursor. It has been observed that the heat treatment
of the as-synthesized amorphous powder at 773 K favours the crystallization of zircon-
type RCrO4 (space groups 141/amd,No. 141, Z=4 with crystal symmetry D;;)nanoparticles
with Chromium stabilized in unusual Cr°* state and 973 K results the of formation
orthorhombic RCrOg3 (space group Pbnm and D} crystal symmetry) nanoparticles with a
stable Cr3* at ambient pressure. The high pressure involved during the hydrothermal
synthesis facilitates the stabilization of the metastable Cr°* resulting the monodisperse
single phase RCrO4 which is unstable at high temperature. It has been demonstrated that
the formation of RCrO4 nanoparticles with smaller sizes while an increase of particle has
been observed in respective RCrOs nanoparticles. The particle size plays a major in tuning
the crystal structures and respective magnetic properties of rare earth chromium oxides at
nanoscale with the aid of annealing temperature. Elemental analysis of the samples
demonstrated the presence of R, Cr and O in RCrO4 and RCrOz nanoparticles in the ratios
1:1:4 and 1:1:3 respectively.

The DC Magnetization measurements on the RCrOs (R = Sm, Gd, Dy and Er)
nanoparticles exhibit magnetic transition temperature as a result of antiferromagnetic
ordering of R%" and ferromagnetic ordering of Cr°* ions. from the analysis of by dyzrc/dT

curves, the presence of antiferromagnetic ordering of R3* sublattice and ferromagnetic
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ordering Cr°* sublattice with a closely spaced Néel and Curie temperatures (Tn and Tc¢) at
low temperatures, has been confirmed. The presence of a non-zero hysteresis and un-
saturation of spontaneous magnetization at high fields observed in M-H curves validate
the simultaneous competing antiferromagnetic and ferromagnetic interactions that lead to
magnetic frustration in RCrO4 with a ferromagnetic ground state. The non-linear behavior
of Curie-Weiss fits confirms the Van-Vleck contribution due to rare earth ions. The
magnetic moment per formula unit estimated from modified Curie-Weiss fits are
accounted for Cr>* moments along with R** moment in RCrO4 nanoparticles respectively

and found to be in accordance with the literature.

The DC magnetization measurements on the RCrOs (R = Sm, Gd, Dy and Er) nanoparticles
reveal the antiferromagnetic ordering of the Chromium sublattices with a canting of Cr3*
spins resulting a weak ferromagnetic moment. The weak ferromagnetic moment below
TS makes RCrOs to exhibit a non-negligible ferromagnetic hysteresis loop with a pinning
at the origin of the M-H curves. M-T curves demonstrate that SmCrO3, DyCrO3 and
ErCrOs are found to be in antiferromagnetic ground state while GdCrOsz is in weak
ferromagnetic. The magnetic moment per formula unit estimated from modified Curie-
Weiss fits are accounted for Cr¥* moments along with R®* moment in RCrOz nanoparticles

respectively and found to be in accordance with the literature.

A critical view of magnetic measurements reveal that EuCrOs and ErCrOs exhibit an
unusual bifurcation of ZFC and FC magnetization in the paramagnetic regime, close to
room temperature. This indicates the presence of a magnetic transition unlike the PM-—
CAFM transition. However, such anomaly has not been observed in GdCrOsz. Detailed
analysis of the temperature dependent EPR spectra recorded in the range 118 — 373 K
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shows the R3* spins remain in the paramagnetic state and the magnetic anisotropy plays a
major role in tuning the spin structure of chromium. The PM—CAFM transition in all the
three orthochromites in discussion and unfamiliar magnetic transition in EuCrOs and
ErCrOszhave been corroborated by an abrupt variation of line-width (AHpp) and Differential
intensity (Alpp), the spontaneous magnetization (4ntMs), and magnetic anisotropy field (Hx)

at respective magnetic transitions.
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