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Preface

The underlying motivation of thesis is to synthesis new intermetallics and
establishes the structure property relationship, which is one of the fundamental
questions asked by scientific community. In this process we could able to
synthesize two new ternary intermetallic compounds and established their structure
property relationships. The structure property relationships were established by
means of X-ray diffraction, X-ray Absorption Near Edge Structure analysis, Field
Emission - Scanning Electron Microscopy, Mossbauer spectroscopy, Magnetic and
Resistivity measurments.

This thesis has 4 chapters. The first chapter discusses about a brief history
of intermetallics, its development, synthetic strategy and fundamental properties.
Chapters 2 and 3 discuss about the synthesis of new intermetallic compounds.
VNIiSnh is a new intermetallic compound reported in chapter 2, which explains the
effect of Ti substitution as well. In chapter 3, a new solid solution Yb2Colns
synthesised inspired from the earlier work on RE>TX3 (RE - Rare earth metals, T -
Transition metals, X - main group elements) and their diverse physical properties.
This compound exhibited ferromagnetism at room temperature and showing
indication of Knodo lattice behavior. Chapter 4 describes the physical properties of
an earlier reported compound Eu,AgGes. This compound shows the signature of
spin glass behaviour along with low temperature magnetic ordering. Eu.AgGes
exhibits the re-entrant spin glass behaviour, which is, to the best of our knowledge,

the first Eu based intermetallics.
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Introduction | Chapter 1

1.1 Background and Motivation
Solid state chemistry is integral part of past and modern-day research. This

field came into existence in ~1950s and ever since this field is growing. In earlier days
solid state chemistry was dominated by mainly ionic compounds such as transition metal-
based oxides, sulphides, nitrides, borides, phosphides and chalcogenides. These material
gives the opportunity for physicists and chemist to come across the table as they show
very interesting physical properties specially in case of oxides’=. One of the most
important phenomenon high temperature superconductivity in cuprates and still research
is going on*. Later the less ionic intermetallic compounds were also reported for their
interesting phenomenon. Specially, rare-earth (RE) based intermetallics gives the
battleground of theoreticians and experimentalist to understand some basic concept of
spin-orbit coupling, highly correlated localized f- electrons and their interaction with
conduction electrons and competition between all sorts of interaction results in various
interesting  phenomenon  like superconductivity®>”’, heavy fermion®®, Kondo
behaviour!®!!, spin-liquid behaviour'?3, etc. These interactions between can be
modulated by doping®, substitution of any foreign element* or by some external
pressure* and magnetic field'®. Intermetallics are not only fascinated for physical
properties but they are also rich in structural chemistry. There are wide variety of crystal
system exist like AlIB2*6, BaAls" and their derivative crystal structure which are related
through group-subgroup relationships. Ternary derivative of this structure type of
comprising RE, transition metal (T), main block element X crystallises in there several
superstructures. It depends on the number of atoms in unit call, ratio of number RE, T and
X atoms, electron count, chemical nature, solubility limit of elements. Sometimes it leads
to the formation of solid solution and disordered phase also. Major problem in this system
is unavailability of good quality single crystal to study their anisotropic properties and
their phase purity.

The work presented in this thesis was motivated by the above challenges and
fascinating properties of these type of systems. In this thesis we focussed on the study of
syntheis and structure-property realtionship of RE based intermetallic compounds. In
three chapters we discuss about the syntheis, structure and properties of VNiSn, Yb.Colns
and Eu,AgGes discussed in detail. Amoung them VNiSn and Yb2Colns are reporting for

the first time. Sample purity and crystal structure was studied by powder and single
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crystal XRD measurements. The local structure was studied by Mossbauer spectroscopy
and X-ray Absorption Fine Structure (XAFS). Physical properties were studied by
magnetic and resistivity measurements.

1.2 Intermetallics

Intermetallic are compound containing at least two different metal and their
crystal structure differ from their constituent elements crystal structure. Bonding nature of
intermetallics also varies from their constituent’s element. In intermetallic, bonding is the
mixture of covalent and ionic nature resulting in directionality in bonding. On the other
hand in metals due to their delocalized (free) electrons form metallic bonding that leads to
non-directionality in bonding. Change in crystal structure and bonding nature gives
fascinating physical and chemical properties. Intermetallics have found application in
various fields ranging from high temperature superconductivity, strange magnetic
behaviour, host for kondo-behaviour, heavy fermions, charge density waves, spin-glass
behaviour to the catalyst in Hydrogen evolution reaction (HER), oxygen evolution
reaction (OER), sensor and thermoelectric materials as it was mentioned above. However,
intermetallic compounds are given the second eye as compared to relatively more ionic
systems like oxides, ceramics, halides and metal chalcogenides. This secondary attention
attributed to the difficulty in understanding the basic understanding of composition,
bonding nature, assignment of the oxidation state of compositional atoms and an
interpretation of the origin of any physical phenomenon.

Intermetallic compounds are rich crystal chemistry. Intermetallics compounds
crystallises in more than 2166 structure types out of which 943 binary while most in
ternary and very few in other phases. More than 1495 ABC (chemical composition)
ternary intermetallic compound is reported. Based upon the atomic element, atomic size
and oxidation number their crystal structure is varying.

1.2.1 Classification
1.2.1.1 Polar intermetallics and Zintl Phase

Polar IMs are compounds comprises early transition metals with p-block
elements. Transition metals behave as cation and p-block elements as a counterpart anion
due to great amount of electronegativity difference. These structures are highly condensed
and connected to each other owing to smaller ratio of p-block elements®. A slightly
related class is Zintl phase, which have some basic criteria to be classified as

1. Zintl phase should contain at least alkali metals or alkaline earth metals/RE metals
and p-block elements

Page | 4



Introduction | Chapter 1

2. These materials are should be electronically neutral
3. Generally, all Zintl phase compounds are narrow band gap semiconductor.
There are several compounds in are known to exist in Zintl phase family?!. They
have found particularly interesting for thermoelectric materials?.
1.2.1.2 Heusler Phase
Heusler phase was first synthesized 1903 in the form of Cu:MnAl by Fritz
Heusler. Heusler system can be generalized as X2YZ where X and Y atoms are cationic in
nature and Z as anionic counterpart. Heusler system crystallize in Fm3m cubic space
group. This structure can be imagined as four interpenetrating sublattice consisting of
face cantered cubic NaCl and zinc blende structure of ZnS. Half-Heusler system having
general formula XYZ crystallise in F43m and can be derived from the Heusler system by
removing the one atom X. A detailed review on Heusler system and their physical
properties is written by Graf et. al?®>. Relation between Heusler and Half-Heusler is

plotted in Figure 1.1

2 P

S 2

NaCl-type structure ZnS-type structure

d ¢V ¢ g
@ @
. @9 o &b
@ @ @ @y
@ P o e €

filled tetrahedral structure Cu,MnAl-type structure
("Half’-Heusler) (Heusler)

Figure 1.1. (a) Rock salt structure, (b) zinc blende structure and their relations to the
Half-Heusler structure (c), and to the Heusler structure (d). (Reproduce with permission

from Progress in Solid State Chemistry)
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1.2.1.3 Samson Phase

It is very unusual class of IM which contain very high number of atoms in unit
cell. B -MgsAl, was first IM to be reported as Samson phase?* and crystallise in cubic
Fd3m(O"y). It consists of 1168 atoms which distributed among the 1832 atomic position.

S -MgzAl constructed from the fused truncated polyhedra of different size.

1.2.1.4 Hume-Rothery Phases
Cu-Zn a alloy first recognised by Hume-Rothery, describe it as binary metal alloy
on their mean valency. However, later there are some rules should be followed to classify
a compound as Hume-Rothery phase just like in case of Zintl phase. Here are the
following criteria for Hume-Rothery phase?>;
1. Difference between solvent and solute atoms radius is less than 15%
2. Both components exist in same structure type, lesser the electronegativity
difference
Same structure type, lesser the electronegativity difference
4. Solubility of metal with higher valance should be more than metal of low valency
the vice-versa.
1.2.3 Difference between Intermetallic, Bimetallic, Alloys and Solid Solution
IMCs differ from all other in terms of structurally and electronically. IM have the
mixture of covalent and ionic nature. While in all bimetallic, alloys and solid solution
have non-directionality in bonds due to delocalised electrons. In alloys and solid solution
there is no fixed position of solute atom and they randomly occupy in the lattice and they
have wide range of concentration. Bimetallic comprises of two metals which form the
interface and do not mix with each other. Essentially it forms the heterogeneous
mixture?. Figure 1.2 depicts the structural differences between these phases.
1.3 Synthesis of Intermetallics
It is always a great interest to develop the new synthesis method for discovering
new materials with some novel properties. In this hunt several different approaches have
been developed in the past. However, it is one of the biggest challenges in solid state
chemistry of synthesizing a new compound. This difficulty increases manifold in case of
IMs due to lack of clear idea of oxidation state and exact composition of IMs as compared
to well known ionic family of solid-state chemistry namely oxides, phosphides,
chalcogenides and halides. A traditional way of synthesising IMs is to heat the mixture of
element in proper stoichiometric ratio at higher temperature. But there has been some
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Introduction | Chapter 1

ambiguity in this approach. Sometimes different route for synthesizing a IM lead to
different composition and consequently crystallize in different crystal structure. So, a
different physical property is expected since all physical properties depends on crystal
structure. Therefore, it is more important to grow a single crystal single crystal of desired
composition to get the intrinsic property of materials which should be independent of

route of synthesis. Now, describing some synthesis method for IMs.

o0 00O o0 00O

o000 O o0 o000

o0 00O + o0 00O

o000 O o0 00O

0000 o0 00O

Metal A Metal B
o000 o 0000 ©00000 o000,
0000 ...... o000 0O ..........
o0 000 ...... o0 00O ..........
0000 o ..... o o000 00O ..........
eo0o0o0e0 00000 ©0000 o000 00
Bimetallic Solid Solution Alloy Intermetallic

Figure 1.2. Schematic representation of the formation of bimetallic, solid solution, alloy
and intermetallic compounds at atomic level.

1.3.1 Ceramic method
It is a traditional method for synthesising bulk intermetallics. It is an example of

metallurgical technique which follows as direct heating of constituent elements in
evacuated quartz tube at high temperature for long time and followed by prolonged
annealing at lower temperature for several days to increase the crystallinity of the sample.
This method has been successful for many IMs, but it has some limitation. Sometimes it

is difficult to get the desired homogeneous composition of materials and this method is

time consuming.

1.3.2 Arc Melting
This is also a traditional method for the synthesis for IMs and has some great

advantage over ceramic method. Arc-melting is one of the quickest methods to synthesize
IMs. One more great advantage it has over other technique it can reaches the temperature
till 3000 K in seconds which give it upper hand for synthesising some metals with very
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high melting point like W, Pt and Pd metals. A typical Arc Melter MAM-1 developed by
Edmund Biihler GmbH is shown in Figure 1.3

Figure 1.3 MAM-1 Arc Melter designed by Edmund Biihler GmbH.

But this method also has disadvantage over other methods in synthesis of low
vapour pressure like Eu and Yb. Since Arc-Melting method is quasi-open system
evaporation can badly affect the synthesis of pure compound. To get a perspective,
synthesis of YbPtSn by arc melting technique since Pt (m. p. 2045 K ) is much higher
than Yb (b. p. 1469 K) so before reacting to each other all the Yb metal will evaporates
and synthesis of YbPtSn is not possible.

1.3.3 High Frequency Induction Heating

Difficulty arises in Arc-Melting can be resolved by High frequency induction furnace
heating (FIH). This method utilises one of the principles of ceramic method were all the
elements placed in evacuated quartz tube. In this method reactant elements were sealed
inside a container of low reactivity and very high melting point like of some alloys of
niobium, tantalum or molybdenum. This technique can be improved by coupling with arc
melting technique where first the sample can be melted by arc melting and then followed
by high frequency induction heating. This system has always been coupled with glass
crucible in a water-cooled sample chamber. In this method one can directly observe the
reaction through direct transparent observation window. This method mainly used for 4d,
5d elements and for RE based compounds. This solid-state synthesis sometime gives the
inhomogeneous mixture and sometime container may react with reactant and gives some

impure phase of the compound. A typical HFIH apparatus is shown in Figure 1.4.

Page | 8



Introduction | Chapter 1

e ————

Figure 1.4. High frequency Induction Heating coupled designed by Ambrell company,
U.S.A. coupled with water cooled sample chamber.
1.3.4 Metal Flux method

Although conventional technique such as HFIH can be used for the synthesis
majority of the compounds within short period of time, they are limited only for the
synthesis of thermodynamically stable products, so it is difficult to access the metastable
phases or the structures that are stable at low temperatures. These traditional methods are
limited in the synthesis and crystal growth of irregular-shaped single crystals. High
temperature methods favour grain growth and the formation of large crystallites of
micrometre scale due to the difficulty in controlling the crystallite size and morphology.
High quality single growth is important to study the structure-property relationship. It is a
well-established fact that physical property measurement on pellets leads to homogeneity
in the property (no anisotropy measurement) as well as no intrinsic property. Metal flux
method has not only been proved to be a tremendous tool to grow single crystals of
already known polycrystalline compounds for studying detailed physical properties but
also been an effective way to explore completely new compounds?’~?°. One of the
interesting features of the metal flux synthesis method is in the reduction of melting point
and vapor pressure of the starting materials, which resulted in the formation of new
compounds. A review about the concept and use of metal flux technique for the formation
of new compounds was reported by Kanatzidis and co-workers and has been
demonstrated that molten metal fluxes represent an excellent alternative to the
conventional synthetic methods for the exploratory synthesis of new RE based IMs?.
1.4. Physical Properties of Intermetallic

A broader picture of physical properties of intermetallics has been given in

motivation part of the introduction and how much they are rich in physics and chemistry.
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In the following part there will be broader view of some of the physical properties will be
discussed.
1.4.1 Magnetism

Magnetism has a very rich history in terms of its development. Magnetic materials
can be classified as diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic,
ferrimagnets. The fundamental description of each one can be seen in Kittel’s book®.
Diamagnetic materials exhibit temperature independent negative magnetic susceptibility
(%), while positive susceptibility is evident in paramagnetic system, which follows the
inverse relation with temperature (Curie’s law). In diamagnetic materials, magnetic
moment vectors cancel each other while in paramagnetic materials spin are randomly
oriented. In case of ferromagnetic materials magnetic susceptibility y is positive and
observed below the characteristic Curie temperature (T¢) and in antiferromagnetic
materials magnetic susceptibility y is positive, observed below characteristic Neels
temperature (Tn). In ferromagnetic materials magnetic moments align parallel while in
case of antiferromagnetic materials they align in opposite direction. In case of
ferrimagnetic materials spins align in opposite direction only but they are out of

proportion. A schematic has been shown in Figure 1.5

A A A A 4 4 4 4 A

'\\// VO S R N U S S S §

a) Paramagnetic b) Ferromagnetic

F O T U T Y U U S Y

L I W U S U S W Y

A A A A 4 4 A A,

¢) Antiferromagnetic d) Ferrimagnetic

Figure 1.5 schematic diagrams of different kinds of magnetic materials a)

paramagnetism, b) ferromagnetism, c¢) Antiferromagnetism and d) ferrimagnetism.
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1.4.2 Spin Glass

Spin glass system can be understood as disordered magnate with geometric
frustration. An example of geometric frustration depicted in Figure 1.5, which represents
a triangular lattice comprises of a magnetic moment at a site aligned in upward direction
and another magnetic moment at b site align in downward direction. If the lattice has to
behave as antiferromagnetic material, then it spin at site ¢ should align upward according
to site b but according to site a it should align in downwards direction. So, in this
situation magnetic moment can at site ¢ cannot determine in which orientation it should

occupy and system is known as magnetically frustrated.

Figure 1.5. Magnetic frustration in triangular lattice and magnetic frustration at lattice
site ¢
1.4.2.1 Theoretical model for Spin Glass

In the following section will be briefly discussing theoretical background of spin
glass. Spin glass behaviour is much more complicated than the normal ferromagnetic,
antiferromagnetic or any other type of magnetic ordering. So, it necessary to understand
the theoretical background in detail.
1.4.2.1 Edwards and Anderson Model

In 1975, Edwards and Anderson (EA) give this theoretical model in which spin S;
are locked into their preferred direction on the crystal lattice with no correlation with over
other crystal sites on reducing the temperature3l. It is example of transition from
paramagnetic phase to a frozen ground state like classical theory of Ehrenfest
classification for phase transition. Since in frozen state there is no long-range ordering so
order parameter of no use. So, Edwards and Anderson came out with a new order
parameter called time order. Spin orientation will be same over long period of time. The

spin is taken as Ising type. Exchange coupling between them is only nearest neighbour
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and these coupling are randomly chosen as Gaussian distribution. This theory predicts
there will be cusp in specific heat at the transition temperature but in experiments it was
found out be a broader maximum. It also predicts there will be zero residual entropy in
the system. This cannot be true since if there is zero residual entropy then there is no
possibility of transition, it happens only when there is multiple nearly degenerate ground
state. Nevertheless, this theory first gives the theoretical reasoning behind spin glass in

simple manner. To overcome this failure Sherrington and Krikpatrick Model came.

1.4.2.2 Sherrington and Krikpatrick Model

Sherrington and Krikpatrick (SK) model is extension of EA model®. In SK model
they used an approximation using mean field theory (MFT), all the infinite spin in the
lattice will interact with each other spins no matter how much they are separated in space.
SK model was exactly solvable on this assumption. However, this model also has certain
limitation over residual entropy. This theory incorrectly predicts the negative residual
entropy. Negative value of residual entropy has no physical significance however it was
improved by Parisi, using replica breaking symmetry*3,
1.4.2.3 Experimental evidence of spin glass behaviour

There are multiple ways in which one can verify the spin glass behaviour in the
materials. The first indication of spin glass behaviour in materials comes from the
bifurcation in ZFC and FC curve in magnetic susceptibility measurement. However, it is
not necessary that a system showing bifurcation will be spin glass. An example of this
phenomenon is U2RhSiz reported for bifurcation in ZFC and FC curve but there was no
sign of spin glass behaviour from other measurement and bifurcation was attributed to
ferromagnetic domain wall pinning effect34. This type behaviour is also observed in case
of superparamagnets. Therefore, ac susceptibility with varying frequency and their effect
on variation of peak position is strong tool to classify a material for spin glass behaviour.
Isothermal relaxation magnetization is one more tool to get the time parameter which is
characteristic of EA model for spin glass. To get the nature of spin glass and their
dynamics behaviour uSR spin rotation is an excellent tool®.
1.4.3. Kondo effect

In a metallic sample there is a linear decease in resistivity on lowering the
temperature due to decrease in scattering of conducting electron and this is result of

decrease in lattice vibration on lowering the temperature. There is residual resistivity in
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the sample due to defects, impurity and vacancy which is independent of temperature
since there is no lattice vibration is almost zero. However, in some lattice there is sudden
upturn in resistivity in lower temperature range and was first explain by Joule Kondo in
1964%, It can be explained by interaction of magnetic impurity element incorporated in
metallic lattice. At low temperature, scattering of conduction electron by the magnetic ion
which interacts with spins of conduction electrons. It was proposed that in low
temperature range the contribution of higher order term is much larger than the first term
in resistivity temperature relation.

p(T) = po+aT?+cmIn(WT) +bT>
Where p resistivity, po is residual resistivity, second term in accounts for fermi liquid
behaviour and last accounts for lattice vibrations. It is the third logarithmic term which
comes for what known as Kondo scattering. There are several materials in which Kondo
effect has been observed especially of Ce and Yb based system*%1%%,
1.4.4 Heavy Fermions

Fermions are the particle which follows the laws of Fermi-Dirac statistics. Particle
follows the Pauli Exclusion Principle. Electrons are classical example of fermions. When
the mass of particle is unusually higher than the normal mass it named as heavy fermions.
Heavy fermionic property is exhibited mainly by materials based f-block elements having
unpaired f-electrons and their interaction with conduction electron. Heavy fermions can
have different kind of ground state like ferromagnetic, antiferromagnetic,
superconducting, conducting or even insulating. This property is characterized specific
heat at low temperature. Specific heat of materials can be expressed as

C = yT +/4T2+ higher term
Where C is total specific heat, y is electronic coefficient foe electronic contribution
specific heat, 4 is lattice contribution to specific heat. It is the ¥ (in mJ/mol.K2) value of
0-50, 50-100, 100-1000 and > 10000 to be classified as normal metal, moderate, heavy or
classical fermion, respectively.

Heavy fermionic properties in materials come from the interaction of localized f-
electrons on lattice to conduction electrons to through Kondo exchange interaction which
generally yield non-magnetic ground state. It also interacts via Ruderman-Kittel-Kasuya-
Yosida (RKKY) oscillatory exchange interaction which generally yields the
antiferromagnetic ground state. Some of the Ce based materials classical example of

heavy fermions®303/-42,
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1.5 Summary

In this chapter we briefly discussed about solid state chemistry and evolution of
intermetallics, challenges in synthetic strategy and development of new strategy, their
advantage and disadvantage over each other. Classification of intermetallics based on the
polarity and structural diversity. Introductory concept of magnetism and their physical
picture. A brief introduction of spin glass theory and ways of experimental verification
based on the basics of magnetism. Introduction of low temperature physical properties of
on intermetallics in the terms of heavy fermions and Kondo behaviour.

The introduction of chapter talks about a brief history of intermetallics, it’s
development, synthetic strategy and fundamental properties. The underlying motivation
of thesis to synthesis of the new intermetallics and establishes the structure property
relationship which is one of the fundamental question asked by scientific community. In
this process we are able to synthesize two new ternary intermetallics compounds and
established their structure property relationship. The structure property relation were
established by means of XRD, FE-SEM, Maossbauer, magnetic, resistivity and XANES
analysis

This thesis can be divided into two parts. First part comprising of chapter 2 and 3
where synthesis of new intermetallic compound and one solid solution is reported.. In
chapter 2, VNiSn new intermetallic compound was studied in great details and effect of
Ti substitution on the structure. In chapter 3 a new solid solution Yb.Colnz synthesised
inspired from the earlier work RE2TX3 (RE- Rare earth metals, T- Transition metals, X-
main group elements) and their diverse physical properties. This compounds is reporting
for room temperature ferromagnetism and showing indication of formation of Knodo
lattice. Second part of thesis consist of chapter 4. There a earlier reported compound
Eu2AgGes, physical properties were studied in detail and preliminary studies show the
signature of spin glass behaviour along with low temperature magnetic ordering.
EuAgGes exhibits the re-entrant spin glass behaviour, which is for the first time in case

of Eu based intermetallics.
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Chapter 2

Structural Properties Relationship in a New
Intermetallic Compound VNiSn

2.1. Introduction

The ScTSi (T = Fe, Co, Ni, Cu, Ru, Rh, Pd, Ir, Pt) silicide systems crystallize in
the TiNiSi structure type with Pnma space group. Among them, ScFeSit, ScNiSi?,
ScCusSi®, ScRhSi%, and ScPtSi® have been studied by single crystal X-ray diffraction
(XRD) and by solid-state NMR studies®. Depending on the size and valence electron
concentration, the ScTSn stannides (T = Co, Ni, Cu, Pd, Ag, Pt, Au) crystallize in
different structure types’*. ScCoSn'? and ScNiSn*® adopt the orthorhombic TiNiSi type.
ScCuSn and ScAuSn crystallize in LiGaGe and MgAgAs structure type, respectively®!2,
ScPdSn®, ScAgSn® and ScPtSn® crystallize with pronounced ZrNiAl type subcells,
however, superstructures form due to the small size of the scandium atoms, i.e., the
HfRhSn type'® via doubling of the c axis for ScPdSn and ScPtSn'4 and the TiFeSi type®®
for ScAgSNn*®. The CoxNi1-xMnGe compounds crystallize in the orthorhombic TiNiSi-type
at low temperature and hexagonal NizIn type at high temperature?®,

The variation in atomic size and valance of the TNiSn (T = Ti, V, Cr, Mn, Fe, Co,
Ni, Cu) series are expected to show some change in the crystal structure mostly evolution
of new structure types. TiNiSn exists in the MgAgAs type!’, which is a non-
centrosymmetric cubic structure (space group F-43m). MgAgAs is a ternary ordered
variant of the CaF structure and can be derived from the tetrahedral ZnS-type structure
by filling the octahedral lattice sites. A characteristic feature of this half-Heusler structure
type is the presence of three interpenetrating FCC sub-lattices, each of which are
occupied by the Ti, Ni and Sn atoms. The corresponding occupied Wyckoff positions are
4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 4c (1/4, 1/4,1/4), respectively. Surprisingly, TNiSn (T
=V, Cr, Mn) compounds are not reported till date. On the other hand, in the second half
of 3d series, FeNiSn, and CoNiSn are reported in the AIB:> type structure (space group
P63/mmc)*e-2°,

Here, in this work we are reporting VNiSn a new intermetallic. Our detailed single

crystal XRD analysis revealed that VNiSn crystallizes the AIB: structure type. VNiSn is
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characterized by resistivity, SEM, magnetic, mossbauer, XANES and electronic band
structure.
2.2. Experimental Section
2.2.1 Synthesis

The following elements were used as purchased from Alfa-Aesar without any
further purification: V (chunk, 99.99%), Ni (wire, 99.999%) and Sn (shots, 99.999%).
The VNIiSn compound was prepared by arc-melting of these metals in an stochiometric
ratio (total weight of reactant was ~250 mg) in an argon atmosphere using a non-
consumable tungsten electrode and a water-cooled copper hearth. The compound was
melted by the Arc melter for one time and the mass of which had been determined
carefully, were controlled after melting for mass loss. The mass loss was less than 2%.
2.2.2 Powder X-ray diffraction (XRD) - Phase identity and purity of the VNiSn and 2%
Ti doped VNiSn compound was determined by powder XRD experiments (Figure 2.1)
that were carried out on a Bruker D8 Discover diffractometer using Cu Ka radiation (1 =
1.5406 A) and calibrated against corundum standard, over the angular range 10°<20<90°,

with a step size of 0.02° at 298 K.

6% Ti@ VNiSn
4% Ti@ VNiSn
-
=
=]
~ 2% Ti@ VNiSn
= frum AN
<P
)
=
S
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.11 N P n M
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Figure 2.1. Powder XRD of various percentage of Ti@ VNiSn with simulated pattern of
VNiSn obtained from single crystal XRD.

Page | 22



Structural Properties Relationship in a New Intermetallic Compound VNiSn | Chapter 2

2.2.3 Field Emission Scanning Electron Microscopy (FE-SEM)-Energy Dispersive X-
ray Spectroscopy (EDS)

Semi quantitative microanalyses were performed on VNiSn single crystals using a
Leica 220i electron microscope (SEM) equipped with Bruker 129eV energy dispersive X-
ray analyzer (EDS). Data were acquired with an accelerating voltage of 20kV and 90s
accumulation time. The EDS analysis performed on VNiSn compound, percent showed
the atomic composition for VNiSn is 1:1:1. The EDS spectrum is shown in Figure 2.2b.
The values are in accordance to the ones obtained from the refinement of single crystal
XRD data. Field emission scanning electron microscopy (FE-SEM) image of VNiSn

single crystal is shown in Figure 2.2a.

(b)

Intensity (a.u)

10 20 3.0 40 50 60 70 80 9.0 100

Energy (keV)

Figure 2.2. (a). FESEM image and (b). EDS spectrum of VNiSn.
2.2.4 Single crystal XRD

Single crystal X-ray diffraction data were collected on a Bruker Smart X2 APEX
Il CCD diffractometer having a normal focus, 2.4 kW sealed tube X-ray source with
graphite monochromatic Mo-Ka radiation (A = 0.71073 A) operating at 50 kV and 30
mA, with @ scan mode. Suitable single crystal of the VNiSn compound was mounted on
a thin glass (~0.1 mm) fibre with commercially available super glue. The programme
SAINT was used for integration of diffraction profiles and absorption correction was
made with SADABS programme.

The crystal structure of VNiSn was solved by SHELXS 972 and refined by a full
matrix least-squares method using SHELXL with anisotropic atomic displacement
parameters for all atoms. As a check for the correct composition, the occupancy

parameters were refined in a separate series of least-squares cycles. The crystallographic
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details of the reported CoNiSn compound were taken at the initial step of the refinement.
All bond lengths are within the acceptable range. Packing diagrams were generated with
Diamond. The data collection and structure refinement are listed in Table 2.1. The
standard atomic positions and isotropic atomic displacement parameters and the
anisotropic displacement parameters are listed in Tables 2.2 and 2.3 respectively.
2.2.5 Magnetic measurements

Magnetic measurements were performed on single phase polycrystalline VNiSn
and 2% Ti doped VNiSn sample using Quantum design superconducting quantum
interference device (QD-SQUID) magnetic property measurement system (MPMS).
Magnetic susceptibility of VNiSn was measured in zero field cooled (ZFC) and field
cooled (FC) an applied field of 1000 Oe as a function of temperature. Field dependent
magnetization measurements were also carried out at selected temperatures as a function
of applied magnetic field.
Table 2.1. Crystal data and structure refinement for VNiSn at 296(2) K.

Empirical formula VNiSn
Formula weight 228.34
Wavelength 0.71073 A
Crystal system Hexagonal
Space group P63/mmc

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 26(])]

R indices [all data]
Extinction coefficient

Largest diff. peak and hole

a=4.2956(10) A, o = 90°

b = 4.2956(10) A, 5 = 90°

¢ =5.3680(17) A, y = 120°
85.78(5) A% 1

4.420 g/cm®

15.015 mm*

101

0.1x 0.12x 0.2 mm?®

5.482 to 29.568°

-5<=h<=5, -b<=k<=5, -7<=I<=5
971

60 [Rint = 0.3544]

97.6%

Full-matrix least-squares on F2
60/0/10

0.975

Robs = 00580, WRobs =0.1267
Ran = 0.0971, wRay = 0.1357
0.006(16)

2.422 and -1.427 e-A3

R = Z|FolFel / Z|Fol,

Zw(FoP - [T 1 E[w(lFo[)]}* and

w=1/[c%(F0?)+(0.0551P)?] where P=(Fo?+2Fc?)/3
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Table 2.2. Atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A?x10°) for VNiSn at 296(2) K with estimated standard deviations in parentheses.

Label X Y z Occupancy Ueq™
Sn 3333 6666 2500 1 47(2)
V 3333 6666 7500 0.82(5) 62(7)
Ni 0 0 0 0.93(2) 32(3)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
Table 2.3. Anisotropic displacement parameters (A?x10%) for VNiSn at 296(2) K with

estimated standard deviations in parentheses.

Label Ui U2 Uss U2 Uis U2s
Sn 18(3) 18(3) 26(2) 29(2) 0 0
i 10(9) 10(9) 47(9) 35(5) 0 0
Ni 35(3) 35(3) 24(4) 18(2) 0 0
The anisotropic displacement factor exponent takes the form: -27°[h%a™U1u + ... +
2hka"h"Us2].

2.2.6 Electrical Resistivity

Resistivity measurements performed on polycrystalline samples of VNiSn over
the temperature range of 7.5-300 K using a four-probe dc technique having contacts
made with silver paste. Measurements were conducted using Labview program, Keithley
2400 C and Lakeshore 336 temperature controller.

2.2.7 X-ray absorption near edge spectroscopy (XANES)

X-ray absorption near edge spectroscopy (XANES) experiments at room
temperature on VNiSn was performed at PETRA 111, P06 beamline of DESY, Germany.
Measurements at the VV K edge and Ni K edge at ambient pressure were performed in
transmission mode using gas ionization chambers to monitor the incident and transmitted
X-ray intensities. Monochromatic X-rays were obtained using a Si (111) double crystal
monochromator which was calibrated. The beam was focused employing a Kirkpatrick—
Baez (K-B) mirror optic. A rhodium coated X-ray mirror was used to suppress higher
order harmonics. A CCD detector was used to record the transmitted signals. The sample
was prepared by mixing an appropriate amount of finely ground powder with cellulose
and cold pressing them to a pellet.

2.2.8 119Sn Mossbauer Spectroscopy
A Ca'’®Sn0; was used as source for 11°Sn Mosshauer spectroscopy. All the

polycrystalline samples were placed in sample holder made up of polyacrylate.
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Measurements were done on recoil velocity of 8.004 mm/s under transmission geometry
at 298 K with total counting time of 47 hours.
2.2.9 Computational Details

All the calculations were carried out using Dmol® program. GGA-PBE functional
was used to describe the electronic exchange and correlation effects. DNP is chosen as
the basis set with orbital cut-off of 4.4 A. The convergence threshold values for energies,
force and displacement are specified as 2 x 10° Ha, 4 x 10° Ha/A, 5 x 103 A,
respectively, while the SCF convergence threshold is 1 x 10° Ha. Electron thermal
smearing value of 0.005 Ha is employed for all the calculations to enhance SCF
convergence efficiency.

2.3 Results and Discussions
2.3.1 Reaction Chemistry

The VNiSn compound was obtained from the arc-melting technigue is stable in
air and no decomposition observed even after few days. The experimental PXRD pattern
compared with the simulated pattern obtained from SCXRD data (Figure 2.1) and found
to match well with the SCXRD data.

2.3.2 Crystal structure

The crystal structure of VNiSn in ab projection is shown in Figure 2.4. The
VNiSn compound crystallize in hexagonal BeZrSi?! structure type, a ternary variant of
the AIB; type?? with P6s/mmc space group and lattice parameters are, a = b = 4.2956(10)
A and ¢ = 5.3688(17) A.

The crystal structure of VNiSn (P6z/mmc) can be related to the AIB> structure
(P6/mmm) by using group-subgroup relation. In the AIB> structure, B atoms form the
hexagonal sheet-like graphite while Al atoms occupy the corner of unit cell. In VNiSn, Ni
atoms replace Al. Alternatively V and Sn atoms formed hexagonal slabs stacked of V3Sns
along the c-axis. These V3Sns layers are rotated 60° in c-direction and Ni atoms
sandwiched between the planes as seen in Figure 2.3. This results in doubling of c-axis.
Due to two different atoms in planar sheet there is a loss of inversion centre resulting
reduction in few symmetries. This symmetry reduction leads to a reduction of half of the
inversion centre, half of the translations and half of the symmetry axis perpendicular to c-
direction. This symmetry reduction also causes the glide plane c instead of mirror plane
perpendicular to [210] along with splitting of the 2d Wyckoff position of B atom into two
symmetry-independent position 2c and 2d occupied by Sn and V atoms, respectively.
This group-subgroup relation can be seen in the Figure 2.3.
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Figure 2.3. (a) Structure relation between AlIB2 and VVNiSn. (b) Group-subgroup relation

of AIB2 and VNiSn. Due to doubling of c-axis the z co-ordinate is halved. Index of
symmetry reduction is 2.

In general, the equiatomic intermetallic compounds XYZ (X = alkaline earth/early
transition metal, Y = early/late transition metal element, Z = main group element)
crystallize in the structure types related to the AIB, family. The ordered superstructures of
this composition crystallize in the LiGaGe?, NdPtSb?, and ZrBeSi? type structures. The
late transition metals and the main group elements form Y3Zz hexagons, which are
connected in a 2-dimensional honeycomb network. Disorder between the transition
metals and the main group elements leads to the pseudo-binary structure types like Nizln,

or Calna.

Figure 2.4. Crystal structure of VNiSn projected onto ab plane.
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The hexagon layers can be planar like in graphite (found in the ZrBeSi and AlB>
types), weakly puckered (NdPtSb type) or strongly puckered with short interatomic
distances between the layers leading to a wurtzite-related structure with a 3-dimensional
network (LiGaGe type). Compared to the compounds with the stuffed zinc blende
structure, namely the C1b half-Heusler compounds, the LiGaGe structure type which is
the focus of this contribution has a free lattice parameter, the c/a ratio, which should be
1.633 for the ideal hexagonal wurtzite structure. Beside the variable c/a ratio, the free z
parameter of the 2b positions allows different degrees of puckering of the hexagons
leading to structures that can vary almost continuously from three dimensional to quasi-
two dimensional. Due to this reduction in symmetry in comparison with the half-Heusler
compounds, a large variety of different structure types are possible as described above.
The different superstructures are related via group-subgroup relations as recently
reviewed?®. The bonding features in such materials have been discussed in several
overview?®,

The coordination environment of V, Ni and Sn atoms are shown in Figure 2.5a-c.
The V and Sn atoms are situated in a pentacapped trigonal prism made up of NigSns and
VsNie respectively. The Ni atom has 14-coordinate environment having six Sn atoms, Six

V and two Ni atoms which is bicapped hexagonal prism made up of VeNi2Sne.

Figure 2.5. a) Coordination environment of (a) Vanadium (b) Nickel (¢) Tin in VNiSn.
2.3.3 X-ray absorption near edge spectroscopy (XANES)

To confirm the oxidation state of V and Ni, we have performed the XANES
measurements, which is a strong experimental tool to firmly establish the valence state of
an element in a compound. A signal at 5483.01 eV was observed in the V-Kedge X-ray
absorption spectrum of VNIiSn (Figure 2.6). This value is characteristic of vanadium zero
oxidation state configuration, which is confirmed in the magnetic susceptibility data

Page | 28



Structural Properties Relationship in a New Intermetallic Compound VNiSn | Chapter 2

(discussed below). There is an absence of white line in XANES spectrum was observed

for Ni Kedge, Which is indicating nickel is in zero oxidization state.

(a) —VNiSn NiK-Edge| ® R ]
ton_N1 ge 548301 oV VNiSn V K-Edge

Absorbance (a.u)
Absorbance (a. u)

8250 8300 8350 8400 8450 8500 5400 5500 5600 5700 5800
Energy (e V) Energy (e V)

Figure 2.6. Ni K-absorption edge and V K- absorption edge XANES spectrum for VNiSn

compound.
2.3.5 Ti substituted on VNiSn

TiNiSn a well-studied thermoelectric material crystallise in cubic structure type in
space group Fm-3m but VNiSn crystallises in hexagonal structure type. This is surprising
that with V inclusion the lattice symmetry got decreased to hexagonal. To enquire this we
had done the substation of VV with Ti atoms to see the structural transformation from
hexagonal to cubic structure type.

We had done profile fitting using FULLPROF on VxTi1xNiSn (x = 0, 0.2, 0.4,
0.6) We observed one anomaly from the powder XRD plot of Ti doped VNiSn in Figure
2.1. In general, upon doping of element having larger atomic size than the parent element
leads to a shift of peak position to the lower angle in powder XRD pattern consequently
leads to increasing in lattice parameter of parent system. Refinement plot is given in
(Figure 2.7) and the lattice parameters were compared with VNIiSn lattice parameter
obtained from Single crystal XRD, are given in the Table 2.4.
Table 2.4. Comparison of the lattice parameters of VxTiixNiSn (x = 0, 0.2, 0.4, 0.6)
obtained from Single Crystal XRD.

Compound a=b(A) c(A)
VNiSn 4.2956 5.3680
Vo.08 Tlo2NiSn 4.2456 5.3752
Vo.96 Tio.4NiSn 4.2864 5.3706
Vo.94TiosNiSn 4.2934 5.4210
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Figure 2.7. Profile fitting for Ti substitution on VxTi1xNiSn (x =0, 0.2, 0.4, 0.6)

So, from the Table 2.4, for Vo.gsTio4NiSn and VoesTiosNiSn a and b lattice
parameter are slightly decreased but c lattice parameter is increased by substantial amount
in the case of Vo.04TioeNiSn. This can be attributed to the substitution of Ti atom at
vanadium sites. Due to large size of Ti atoms, it is not able to occupy into the V3Sns plane
and compressing a-b lattice parameter while increasing the ¢ parameter. Effect of VxTi1-

xNiSn is also evident form Mossbauer spectroscopic measurements, which is discussed
below.

2.3.5 Mdssbauer spectroscopy

The room temperature Mdossbauer spectra are shown in Figure 2.8. All the data
was fitting using Lorentzian model (area equal method) and were best fitted with one
signal, which is in consistent with the crystal structure. The fitting parameters are listed in
Table 2.5. All single signal lines in spectra showing there is only one type of Sn atom is
present which is also supported from our single crystal data as well as theoretical

calculation. The isomer shifts in VNiSn and other VxTi1xNiSn systems is in the range of
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1.4679-1.6158 which is in the typical range of related stannides?’. A very slight isomers
shift from pure VNiSn showing there is approximately no change in oxidation state of Sn
upon Ti substitution, which is slightly positive as evident from the theoretical
calculations. However, in case of VoosTioaNiSn and VogsTiosNiSn isomer shift is
lowering by 0.1143 mm/s indicating lesser electron density at Sn nucleus. This decrease
in electron density at nucleus can be understood from the Ti atom occupying the V3Sns
plane and slight electropositive nature of Ti atom than V decreasing s-electron density at
Sn.

Electric quadrupole splitting indicating non-cubic geometry of Sn coordination.
Quadrupole splitting value close to one showing the low site symmetry of Sn atoms
(Wyckoff position is 2¢)*. VoesTio2NiSn increases the site symmetry evident form
almost equal intensity of fitted signal while upon increasing the Ti concentration, Sn site
symmetry got decreased. Sn showing the slight positive nature which also confirmed

from theoretical charge distribution calculation.
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Figure 2.8. Mdssbauer spectra of various percentage of Ti@VNiSn at room temperature
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Table 2.5. Fitting parameters of 11°Sn Mdssbauer spectroscopic measurements of VNiSn

and o, isomer shift; AEq, electric quadrupole splitting; I", experimental line width.

Compound d(mm/s) T (mm/s) AEq(mm/s) Area2:1 A
VNiSn 1.5816 1.0087 -0.9476 1.2833 1.145
V0.98Ti02NiSn 1.6158 1.0969 -0.9938 1.1037 1.345
Vo.96 T10.4NiSn 1.4673 1.0368 -0.8655 1.0626 1.359
V0.94Tio6NiSNn 1.5272 1.1651 -0.85098 1.0338 1.845

2.3.6 Theoretical calculations — Electronic band structure and partial density of states
for VNISn are plotted in Figure 2.9a and 2.9b, respectively. Bands at K, G, M symmetry
point are crossing the fermi level (Figure 2.9a) and there is substantial amount of density
of states at fermi level Figure (2.9b). It shows that VNiSn is metallic nature, which is
confirmed experimentally by resistivity measurement. At Fermi level the major

contribution to density of states comes from d-orbitals.

14

12 - i —p

""" Fermi level

Energy (eV)
Density of states

Energy (eV)

Figure 2.9. Density functional theory (DFT) calculation on VNiSn. a) Electronic band
structure of VNiSn showing metallic behaviour, b) Density of states and partial density of

states.
2.3.7. Physical Properties
2.3.7.1. Magnetism

The magnetic properties of VNiSn were measured on polycrystalline samples
within the temperature range 2-300 K. The magnetic susceptibility data of VNiSn

compound is plotted in Figure 2.10a. Magnetic susceptibility data showing the
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paramagnetic nature of the sample. Susceptibility increases at low temperature, which is
reminiscent of spin ordering. The nickel atom is in zero oxidation state so it’s not
contributing for the effective magnetic moment. We have observed bi-furcation between
field-cooled and zero-field cooled data at higher temperature. Magnetization of the
compound VNiSn was measured as a function of ramping field at temperatures 2 and 300
K in the applied magnetic field range of +60 kOe (shown in Figure 2.10c-d). The
magnetic moment is not saturating at the highest applied field. The curves at 2 K and 300
K showed a hysteresis loop at lower applied magnetic field and it is linear at higher
applied magnetic field indicates the weak ferromagnetic state of the sample. This may be

due to unreacted Ni present in the sample.
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Figure 2.10. (a) Temperature dependence of molar susceptibility in ZFC mode, (b)
inverse molar susceptibility of VNiSn at 1000 Oe applied magnetic field. (c-d)
Magnetization measured as a function of magnetic field at T = 2 K and 300 K for VNiSn,

2.3.7.2. Electrical resistivity

Temperature dependence of DC resistance measurement was carried out using a
standard linear four probe method through ARS cryostat for the temperature ranges

between 300 and 7.5 K. Figure 2.11a depicts resistance vs. temperature results for VNiSn
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measured in cooling and warming processes while applying an excitation current value of
1 mA between two inner probes. It clearly shows a strong metallic behaviour through
entire temperature range. At a low-temperature range of 0-10 K, the p(T) data can be
fitted to the power law function, p = p+AT", where po is the residual resistivity expressed
in units of Qcm, A and n are the fitting parameters. The values obtained from the fit are
shown in Figures 2.11b. According to Fermi-liquid theory, at low temperatures, the
resistivity varies as p = po+AT2. It has been observed experimentally, when electron-
electron scattering dominates over electron-phonon scattering, o a T2. The value obtained
from the fit power is close to 2 which clearly indicate that the system exhibiting Fermi

liquid state. The residual resistivity (po) for VNiSn system is 0.0182 Q.cm.
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Figure 2.11. (a) Temperature dependence of resistivity for VNiSn and (b) The low

temperature data has been fitted to the power law, p = po+AT".
2.4. Conclusion

One of the biggest challenges in the field of intermetallic chemistry is the synthesis and
crystal growth of unknown compounds. We have successfully synthesized a new compound
VNiSn using the arc-melting technique, which is an ordered compound of the AIB, type. The
magnetic measurement reveals that VNiSn is paramagnetic in nature and the resistivity data
suggest metallic nature with Fermi-liquid behaviour. We are trying to understand the change in
crystal structure from AIB; to Half-Heusler upon substitution in which we successfully doped till
6%.
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Chapter 3
Room temperature ferromagnetism in a probable

Kondo material Yb>Coi.xIN3+x

3.1 Introduction

Rare-earth (RE) based compounds are fascinating due to the presence of strongly
localized f-electrons that induces different kind of competing ground state like Kondo-
behaviour!?, heavy fermion superconductivity®, fluctuating valance state (Ce, Eu, Yb )*.
Recently, intermetallic compounds with RE elements as one of its constituent elements
drawing more focus because of capability of adopting different crystallographic structures,
which in turn influence their physical and chemical properties. Solid solution based on RE
also shows some very interesting physical properties similar to intermetallics®”. It is well
known that, in strongly correlated f-electron systems, there is a competition between
Ruderman-Kittle-Kasuya-Yosida (RKKY) interaction and Kondo effect. The former
promotes the long-range magnetic ordering of localized 4f electron spins and quenching of
magnetic moments of 4f electrons is enhanced by Kondo effect. RKKY interaction
dominates Kondo effect in magnetically ordered systems whereas in non—magnetic valence
fluctuating systems RKKY interaction is dominated by Kondo effect which in turn realizing
heavy fermion behaviour. Ytterbium based compound used to behave some very unusual
physical properties owing to its energetically close oxidation states Yb?* and Yb**. Due to
this it shows the mixed valance state which in turn increases the completion between
RKKY and Kondo effect resulting different interesting physical properties.

In this view, realizing magnetically ordered Kondo lattices is of the fundamental
interest in strongly correlated f-electron systems. Numerous investigations were done on
magnetic and heavy fermion behaviour of cerium and uranium based intermetallic
compounds. Because of electron-hole analogy between electronic configuration of Ce®*
(4fY) and Yb3* (4f1%), extensive research was done on ytterbium based intermetallic
compounds exhibiting valence fluctuations. These valence fluctuations lead to partly
itinerant and localized character of 4f electrons present in Yb and provide an extra charge

degree of freedom, which in turn exhibit diverse physical properties in these compounds.

3.2 Experimental
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3.2.1 Synthesis

All the compounds were prepared by as purchased high pure metals Yb, Co, Ca and
In from Alfa Assar.. Stoichiometric amounts of these metals were weighed and transferred
into niobium ampules and were sealed under argon atmosphere by arc melting apparatus
(Edmund Biuhler Gmbh compact arch melter MAM-1). These sealed tubes were placed in
a water cooled sample holder attached to an induction melting unit (EasyHeat Induction
heating system, model 7590). In the typical synthesis, initially we rapidly increased the
temperature to 1273 K within 2 min and samples were kept at that temperature for a period
of 20 min, then cooled to 1123 K within 2 min. Samples were maintained at that
temperature for 30 min and finally cool down to room temperature suddenly by switching
off the power button. We could not observe any reaction between niobium tube and the
samples. All the samples separated from niobium tube were ground into fine powder and
was used to perform all the characterization technigues.
3.2.2 Powder X-ray diffraction

Phase purity of all the synthesized compounds were confirmed by collecting
powder X-ray diffractograms using Bruker D8 Discover diffractometer. Cu K, radiation (A
= 1.5406 A) was used to perform all these experiments. All the samples were scanned for
1 hr in the 26 range of 10-90° with a step size of 0.02°.
3.2.3 Resistivity

Temperature dependence of DC resistance (2-300 K) measurement was carried out
on all the compounds using a standard linear four probe method through an embedded ARS
cryostat, which has been controlled by a LabView program, Keithley 2400 C source meter
and Lakeshore 336 temperature controller. Resistance data was collected during the cooling
cycle. Current of 1 mA was applied through two 0.5 p copper wires. All these
measurements were performed on sintered pellets of dimensions (8.3 mm x 1.6 mm). The
observed resistance data was converted into resistivity by using the standard relation
between resistance and resistivity.
3.2.4 Magnetic measurements

Magnetic measurements were done on all the samples using Quantum Design
Superconducting Quantum Interference Device (QD-SQUID) magnetic property
measurement system (MPMS). Temperature dependent magnetic susceptibility was
collected both in Zero Field Cooled (ZFC) and Field Cooled (FC) modes at an applied field
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of 1000 Oe. Field dependent magnetization measurements were also done at room
temperature.

3.3 Results and Discussion

3.3.1 Power X-ray Diffraction (PXRD)

PXRD patterns of Yb2CoixIns+x (x = 0.0, 0.1, 0.2, 0.4, 0.5 and 0.6) and Ca>Colns
are shown in Figure 3.1.
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Figure 3.1. Powder XRD of (a) Yb2CoixIns+ (x = 0-0.6) and (b) Ca.Colnsz compounds
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Interestingly, all these compounds observed to crystallize in metallic indium type
structure. All the reflections were well indexed with In metal tetragonal structure with
I4/mmm space group. According to Hume-Rothery rule, solid solution can form when the
difference between solvent and solute atoms radius is less than 15%, both components exist
in same structure type, lesser the electronegativity difference, solubility of metal with
higher valance should be more than metal of low valency the vice-versa. In Yb2Co1-xInz+,
size difference of atoms is less than 15% (Yb- 228 pm, Co- 200 pm, In- 220 pm),
electronegativity difference of these elements is also small but In metal crystallizes in space
group 14/mmm while Yb and Co metal crystallises in P6s/mmc space group. So, Yb2Cos-
xInz+x is forming a solid solution, however it is not following one of the criteria above
mentioned criteria to be classified as Hume-Rothery phase. They are further classified as
interstitial and substitutional solid solution. In powder XRD of Yb2Co1.xIns+x all the peaks
position and intensity ratio are matching with In metal powder XRD. This indicates that all
the Yb and Co atoms are uniformly occupying the In metal lattice position and makes this
ordered substitutional solid solution. If there is any interstitial occupation by Yb or Co
metal, there should be elemental peaks of corresponding metal in powder XRD which we
didn’t observe in powder XRD data and that is different form In metal. To get insight of
magnetic contribution of Yb metal in Yb2Colns we also synthesized isostructural Ca>Colns
(Ca atomic size 231 pm) with the same synthetic condition as evident form Figure 3.1b.
On increasing the In content in all the powder XRD peaks shifts to higher 20 value.

3.3.2 Electrical Resistivity

Temperature dependent resistivity of compounds was measured in the range 2 — 300
K using standard linear four probe technique and is shown in Figure 3.2. Resistivity is
decreasing monotonically in the temperature range of 300 K to ~4 K confirms the metallic
behaviour of all the samples. At room temperature (300 K), the compounds Yb2Co1-xInz+x
(x =0, 0.2 and 0.4) possess 2.045x10* Q cm, 1.961x10* Q cm and 1.914x10* Q cm
resistivity values respectively. Resistivity is decreasing with decreasing the Co
concentration. There is a non-monotonic variation below 5 K (see inset of Figure 3.2)
where the resistivity reaches a minimum value 1.9x107 Q. cm at 4.27 K and a slight
increase in resistivity was observed below 4.27 K. This might be attributed to the formation
of coherent Kondo state due to which resistivity will be increased by scattering of
conduction electrons which is also observed for other Yb based compound®8®, Thus, our

resistivity measurements indicate the Kondo kind behaviour.
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Figure 3.2. Electric resistivity in the temperature range 2-300 K showing metallic
behaviour above ~ 4 K.
3.3.3. Magnetic properties

Figure 3.3a shows the temperature dependent susceptibility of Yb2CoixlInz+x (X =
0,0.1,0.2,0.4,0.5 and 0.6) compounds at an applied field of 1000 Oe. In temperature range
of 150 to 300 K susceptibility first increase slightly and slowly decreases till 20 K and then
sudden jump in susceptibility at low temperature. These type of non-linearity in
susceptibility curve associated with mixed valance of constituent elements. Ytterbium can
exists in Yb?* and Yb*" oxidation states in 4f* and 4f'* electronic configuration,
respectively®>!°, Weak temperature dependence of susceptibility in the temperature range
of 20-300 K for Yb2Colnsz indicates predominantly Yb is in non-magnetic +2 oxidation state
while in the range lower temperature range Yb is in +3 oxidation state. All other compounds
exhibit the same phenomenon as the pristine one. But on decreasing the Co concentration
non-linearity is getting reduces showing that in higher temperature range there are some
fraction of Yb®" ions also exist in higher temperature region. Variation in susceptibility
with varying the Co concentration implies that Co magnetic moment playing crucial role.

The sudden upturn in susceptibility in the low temperature range is also observed
in some Kondo lattice with ferromagnetic ordering show 4. Susceptibility also varies

with Co concentration and can be inferred from Figure 3.3b. On decreasing the Co
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concentration upturn in susceptibility is moves to higher temperature. This observation
indicating, magnetic moment direction of Yb and Co atoms are opposite direction in all

Yb2CoixInz+x (x = 0, 0.1, 0.2, 0.4, 0.5 and 0.6) which was also confirmed from the
magnetization data are discussed below.

1.4
1. FC : 1000 Oe x=0
, x=0.1
21, x=02
) x=04
—~ £ -
<104 % x=05
E & x=0.6
=
E 0.8+ &/1 —
”?— L ]
T 0.6+
=
0.4+ ——
0.2
L] v L v L v L] " 1 v Ll v L]
0 50 100 150 200 250 300

Temperature (K)

1/ (x 1073 molemu

0 50 1!:!menrl§|[:re (K)Z 00 250 300

Figure 3.3. Temperature dependant susceptibility (a) and temperature dependent

susceptibility (b) data for Yb2Co1xIns+x (x =0, 0.1, 0.2, 0.4, 0.5 and 0.6) showing non-linear
behaviour in entire temperature range.

Field dependent room temperature magnetization of Yb2Co1xInz«x (x =0, 0.1, 0.2,

0.4, 0.5 and 0.6) compounds is shown in Figure 3.4a. Hysteresis behaviour in all these

compounds confirms ferromagnetism at room temperature. Origin of ferromagnetism in all

these solid solutions can be attributed to presence of unpaired 4f -electron in Yb3* along

with presence cobalt atom. However, there is no saturation in magnetization ever after

applying 6 T and might be due to the crystalline electric field. Highest magnetization of

0.55 pe/f.u was observed at 6 T for pristine compound. Decrease in magnetization was
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observed with increasing the values of ‘X’ and can be attributed to decrease in the

concentration of cobalt in these compounds. On the hand, the observed coercive field in all

these compounds is much higher than metallic cobalt and are given in Table 3.1. Pristine

compound shows highest coercive field (except for x = 0.6 case) of 751.8 Oe which is

around 4 times higher than metallic cobalt, which confirms that the origin of

ferromagnetism in these compounds is inherent.
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Figure 3.4. Magnetization curve at 300 K for (a) Yb2CoixIns+ (x =0, 0.1, 0.2, 0.4, 0.5 and

0.6) and (b) Ca.Colns.

In order to understand the contribution of Yb to the magnetic properties of these

compounds, we have prepared another compound by replacing Yb with non-magnetic Ca.

Surprisingly, Ca>Colns also exhibited ferromagnetic behaviour at room temperature (See
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Figure 3.4b). More interestingly, saturation in magnetization was observed at lower
applied magnetic fields. A saturation magnetization (Ms) of 1.28 ug/f.u was observed in
Ca>Colnsz which is very close to the saturation magnetization of metallic cobalt. This
suggesting that the magnetization observed in Ca.Colns compound is solely coming from
cobalt as other elements are non-magnetic in nature. Magnetization, which we observed in
Yb2CoixInz+x (x =0, 0.1, 0.2, 0.4, 0.5 and 0.6) compounds is much smaller than Ca>Colna.
This might be due to presence additional magnetic moment coming from the unpaired 4f
electron of Yb®*. Logically, the magnetization should increase if the magnetic moment of
unpaired 4f electrons aligns in the direction of cobalt magnetic moment within the unit cell.
Table 4.1. Compassion of Coercive field Hc (Oe) and saturation magnetization M (ug/ f.u.)
for Yb2Co1xIns+x (x =0, 0.1, 0.2, 0.4, 0.5 and 0.6) and Ca>Colns

Solid Solution Hc (Oe) M (us/ f.u)
Yb2Colns 749.19 0.55
Yb2Coo.slns.1 531.71 0.36
Yb2Coo:slns.2 458.69 0.23
Yb2Coo.7IN33 372.93 0.27
Yb2Coo.6INn3.4 163.70 0.211
Yb2Cooslnss 2305 0.03
CazColns 194.53 1.30

However, the magnetization of Yb2Colns (0.55 us/f.u) is much lower than metallic
cobalt (1.30 pe/f.u). This suggest that, the magnetic moments arising from unpaired 4f
electrons and cobalt are aligning in opposite direction, resulting decrease in magnetic
moment which in turn lowers the magnetization of Yb2CoixIns+« (x =0, 0.1, 0.2, 0.4, 0.5
and 0.6) compounds. Low temperature magnetization is also measured and it all of them
showing ferromagnetic behaviour but there is some anomaly which still has not been
understood completely.

3.4. Conclusion

We are rare reporting a solid solution composed of Yb, Co as solute and In metal
as solvent in 213 ratio which crystallises in the 14/mmm space group. We studied the system
by means of temperature dependant resistivity and susceptibility in the temperature range
of 2-300 K which indicates sample is metallic in behaviour till 4 K and below that it may
form the Kondo lattice and supported from susceptibility in low temperature range.

Susceptibility measurement indicates there is mixed valance of Yb atoms in the form of

Page | 46



Room temperature ferromagnetism in a probable Kondo material | Chapter 3
Yb2Co1-xIn3+x

Yb?* and Yb3*. To confirm the oxidation state, we need to XPS or XANES measurement.

It is a rare example of room temperature ferromagnet and remains in the low temperature

range also but there is anomaly which has to understood completely (not shown here).
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Chapter 4

Spin Glass Behavior in Ordered Eu2AgGes

4.1. Introduction

Magnetic properties have always been critical in case of rare earth (RE) based
intermetallics. It is the presence of localized f-electron that induces the strong magnetic
properties. Interaction between this localized f-electrons through conducting s-electron
via Ruderman-Kittel-Kasuya-Yosida (RKKY) oscillatory exchange interaction resulting
ferromagnetic (FM) or antiferromagnetic (AFM) ordering in well-ordered crystal
structure. Competition between these interaction leads to various kind of phenomenon
like superconductivity'~3, heavy fermions*®, Kondo-behaviour®’ and spin glass®°. Spin
glass behaviour in a material is an example of competing spin interaction that is result of
frustration and disorder in the system. Frustration in a system leads to the generation of
multiple degenerates or nearly degenerate ground state in the system*!. Frustration alone
cannot lead to the spin glass (e.g. NiGa:Ss is two-dimensional antiferromagnetic
interaction with triangular lattice system)!2. A triangular lattice cannot show the co-
operative frizzing transition on its own'3. So, it is always desirable to have the disorder as
well as frustration in the system to behave as spin glass. Disorder can be of any type like
magnetic impurity, random site occupancy or random bond order i.e. changing the
interaction in the lattice at nearest neighbour site from ferromagnetic to antiferromagnetic
alternatively. However, there are a few exceptions. Ordered stoichiometric compounds
like PrAu2Si,** and PrRuSis™ show spin glass behaviour even in the absence of lattice
frustration or disorder. A prolonged annealing unable to remove spin glass nature of
PrAuzSi> and PrRuSis (spin glass behaviour due to dynamic fluctuations of crystal field
levels). URh,Ge,!® is a spin glass material whose glassy behaviour originates from the

site disorder of Rh and Ge atoms in lattice can be removed by prolong annealing.

Eu,AgGes is a member of well-studied RE>TXs (T- Transition metal, X- Main
group element) family*”*8. There are plenty of compounds reported as spin glass material
in this family'"*%-24_ However, interestingly, not a single compound reported for the spin
glass behavior. Eu,AgGes crystallize in the BaLiSisz structure type, which is an ordered
superstructure of the AIB; structure type®. Inspired by the above work we investigate the
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physical properties of Eu,AgGes. Earlier, Eu2AgGes was reported for unusual high
temperature reversible phase transition?®. In this study, we report the magnetic
susceptibility measurement under various field on polycrystalline Eu>AgGes, which
exhibit spin glass transition temperature at 11 K and ferromagnetic ordering at 36 K. This
is a rare example of re-entrant spin glass behaviour. Susceptibility measurement coupled
with specific heat under no magnetic field confirms ferromagnetic transition at 36 K and

spin glass behaviour at 11 K.
4.2. Experimental details

To synthesize Eu2AgGes, Eu (ingots 99.99%, ESPI metals), Ag (ingots, 99.99%,
Alfa-Aesar), and Ge (metal pieces 99.999%, Alfa Aesar) were taken in ideal 2:1:3 ratio
and weighed in argon gas filled glove box. Stoichiometric amount of the sample was
transferred into the tantalum tube and subsequently sealed under argon atmosphere by
arc-melting apparatus. Sealed tantalum tube was placed in water cooled high frequency
induction furnace instrument followed by heating of the sample with an application
current 2.1 Amp/s until186.7 Amp current and kept for 30 minutes followed by annealing
of the sample at 155.4 A for 10 minutes with cooling rate 2.1 Amp/s and subsequently
quenched by switching off the instrument. A brittle product was found with metallic

lustre.

4.2.2 Powder X-Ray Diffraction Powder XRD of sample were taken at using Rigaku D8
venture with Cu Ko wavelength (A = 1.54187 A) which confirms the phase purity of the
sample and no sign of tantalum tube were reacted with sample within the XRD detection
limit.

4.2.3. Magnetic measurements and Specific Heat- Magnetic measurements were
carried out in the temperature range 1.72-300 K using a Quantum Design SQUID

magnetometer. Specific heat measurements were carried out from 1.8 K to 300 K using

relaxation method available in the same PPMS system.
4.3. Results & Discussions

Powder XRD profile fitting (Figure 4.1) was done with room temperature phase
of Eu,AgGes having space group Fddd. All the reflection was fitted except twin peaks
around 26 value 30° with a = 8.7635 A, b = 15.0126 A, ¢ = 17.8241 A. These twin peaks

originated from the small impurity of EusAg» phase®®. However, EusAg. shows
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antiferromagnetic ordering at 61 K, but we didn’t observe any anomaly in magnetic
susceptibility and specific heat measurements, so we assume that little impurity in powder

XRD i.e. EusAgy, is very small and not interfering with any other physical properties of
Eu2AgGes.
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Figure 4.1. Profile fitting of Eu2AgGes with space group Fddd.

There are five non-equivalent crystallographic sites present in the crystal structure
of Eu2AgGes consisting of two Eu sites and three mixed sites with the combination of
both Ag and Ge atoms (Figure 4.2).

Figure 4.2 Crystal structure of Eu2AgGes, crystallise in orthorhombic crystal system with

Fddd space group. Cell axis is shown in blue colour
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Ag and Ge atoms form indefinite hexagonal layer in ab plane with no preferential site
occupation. These hexagonal layers are stacked and arranged in ABCD order along the
[001] axis. These hexagons are slightly puckered due to the random occupation of Ag
and Ge atoms with two crystallographically non-equivalent Eu atoms are sandwiched
between them?. Due to the puckering of Ag and Ge atoms, hexagonal layers formed by
Eu atoms are distorted from their plane. Earlier our group studies Eu Mdéssbauer and X-
ray absorption near-edge spectroscopic (XANES), which confirm the divalent oxidation
state of the Eu atoms.

4.3.2 Magentic Measurement- Magnetic susceptibility measurement performed by
Sarkar et al. at an applied field of 0.01 Tesla (T) reveals paramagnetic nature of sample
above 100 K. Modified Curie-Weiss law (y = C/(T — 6p)) was used to fit the data within
the temperature range of 80-325 K gives the paramagnetic Curie temperature, 6, of 1.8

K%,
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Figure 4.2. (a) The temperature dependence of molar magnetic susceptibility of
Eu2AgGes at 0.1 T applied magnetic field with zero field cooled (ZFC) and field cooled
(FC) method. (b) Temperature dependent inverse susceptibility measurement on
Eu,AgGes at applied field of 0.01 T. Blue line indicates the Curie-Weiss fitting in the
temperature range 120-300 K.

However, magnetic susceptibility measurement in this work at an applied field of
0.1 T resulted 6, of 20.1 K (Figure 4.2b) and effective magnetic moment of 8.08 us/Eu
ion. It is slightly higher than the Eu?* oxidation state magnetic moment value of 7.94
us/Eu free ion, which is due to conduction electron polarization?’. Difference between 0,
value is due to the difference in data fitting. Positive value of Op indicates there is

ferromagnetic interactions in the Eu,AgGes, which is expected for any spin-glass
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materials®!’. Deviation from Curie-Wiess law below 120 K probably due to crystalline
electric field effect'®.

ZFC and FC magnetic susceptibility measurement at 0.01 T and ZFC under
different applied magnetic field are plotted in Figures 4.3a and 4.3b, respectively. In
Figure 4.3a, one can observe the bifurcation in ZFC and FC curve below 70 K. In ZFC
the magnetic ion (Eu?*) starts to freeze randomly with no directionality while in case of
FC the magnetic ions try to align in the easy direction owing to lower energy in the
system, on decreasing the temperature. This type of bifurcation indicates that system
might be a probable candidate of spin-glass behavior'®2328 There is sudden upturn in
susceptibility data around 70 K and after a sudden dip around 36 K.
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Figure 4.3. (a) DC magnetic susceptibility measurement under applied field of 0.01 T,
(b) ZFC measurement under different applied filed. Inset showing lowering of spin glass
transition on increasing magnetic field.
There is irreversibility in ZFC and FC curve below 70 K which will name as T,

while nature of peak around 36 K is characteristic of ferromagnetic ordering will name as,
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Tr. Saturation of FC curve, which is almost independent of temperature and decrease in
susceptibility in ZFC curve below 11 K, is unique feature of any spin glass system and
will name this as Tsc.

Peaks at 11 K and 70 K under different applied magnetic field moves towards the
lower temperature upon increasing the field and is given in Table 4.1. According to mean
field theory in typical Heisenberg spin glass system, there are two different type of weak
and strong irreversibility lines occur in H-T diagram namely de Almeida-Thouless (AT)
line and Gabay-Thouless (GT) line, respectively?®3°. According to mean field theory AT
line separates the spin glass to paramagnetic phase. However, here we don’t have enough
data point to plot AT and GT curve. To get the enough data point the additional
experiments are under progress.

Peak around 11 K is going down to lower temperature and can be seenup to 0.5 T
field but not below that, as data point are not sufficient to claim. To confirm this
hypothesis, we need to measure the dc susceptibility down to milli kelvin range.
Lowering of peak position in dc susceptibility upon decreasing the temperature is clear
indication of spin-glass behaviour in Eu,AgGes. These type of behaviour is generally
associated with canonical spin glass system®. However, disparity in ZFC and FC dc
susceptibility curve is not enough condition to claim to a system as spin glass. U2RhSis
reported for bifurcation in ZFC and FC curve but there was no sign of spin glass
behaviour in ac susceptibility measurement and bifurcation was attributed to
ferromagnetic domain wall pinning effect®2. So, ac susceptibility with varying frequency
is needed to confirm the spin glass behaviour.

Table 4.1. Shift in peak position in ZFC and FC measurement under applied magnetic
field of 0.01T

Applied Magnetic Field Tirr Ts-c
Tesla (T) Kelvin (K)
0.01 70 11
0.1 11 ~8
o5 e = 4l
N e s
I e s

Surprisingly, there is no field dependence of peak around 36 K in the
susceptibility measurement. Just the peak is broadened but not shifting with increasing
magnetic field, which is complete proof that there is magnetic ordering and nature of

peaks confirm the ferromagnetic interaction. This is confirmed by specific heat
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measurements as well, which will be discussed later. It is very unusual example of re-
entrant spin glass in Eu based intermetallics where first observing ferromagnetic ordering
and on further cooling to spin-glass

This reentrant behaviour can be understood by frustration and disorder in the
system. The Eu-Eu inter-layer and intra-layer distance are ranges in 4.41-4.45 A and
4.33-4.35 A, respectively. So nearest neighbour interaction (NNI) will be the intra-layer
Eu?* ions and next nearest neighbour interaction (NNNI) will comes from inter-layer Eu?*
ions. Let’s name NNI and NNNI coupling constant as J1 and Jo, respectively. To satisfy
the spin glass behaviour J; and J. should have different sign. If J; > 0 and J> < 0,
ferromagnetic ordering of Eu®* ion expected in ab-plane and antiferromagnetic ordering
in [001] axis. This type of mechanism also provided for structurally similar intermetallic
Ce2CuGes®. Since there is ferromagnetic ordering around 36 K that indicates |Ji| > |J2|
around that temperature. In lower temperature range there is spin glass transition that
indicate the average value of exchange coupling constant is zero. This can be due to
shortening of inter-layer distance and leads to |J1| = [J2|. In a periodic lattice, disorder is
induced by mixed occupation site in the lattice. Random site occupation of Ag/Ge atoms
in Eu,AgGes at three Wyckoff position 16f, 16f and 32h give rise to RKKY exchange
coupling®®. Magnetization measurement were done at 1.8 K in varying magnetic field

Figure 4.4.
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Figure 4.4. Magnetization curve of Eu2AgGes at 1.8 K. Inset represents enlarged view of

the magnetization curve in the magnetic field range of 0t0 0.75 T.
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In low magnetic field region slope were high while in higher magnetic field region

there is decrease in slope and it is looks like magnetization is not going to saturate in even
higher magnetic field. It shows very small hysteresis in low magnetic field i.e. less than
0.75 T. This hysteresis may come from the ferromagnetic domain wall frizzing in low
temperature.
4.3.3. Specific Heat -Specific heat of a materials can be expressed as C = Ce + Cja + Cn,
where C is total specific heat, Ce, Con and Cn are the electronic (linear in T ), lattice
vibration (proportional to T3) and magnetic specific heat (In case of spin glass, T < Tt is
linear in T), respectively. To calculate magnetic contribution of specific heat one need to
subtract the electronic and lattice vibration part from total specific heat, and it can be
achieved by replacing the magnetic ion by any non-magnetic ion with same structure.
Specific heat measurement of isostructural non-magnetic contuerpart Ba,AgGes is under
progress.

The result of specific heat under no magnetic field is plotted in Figure 4.5a and
4.5b as C vs T and C/T vs T, respectively. Magnetic ordering around 36 K evident from
A-like anomaly. Specific heat coupled with magnetic field dependant ZFC dc
susceptibility measurement confirm ferromagnetic ordering around 36 K. In Figure 4.5a,
inset there is broad peak centre around 11 K is observed which also indicates that there is

no long-range magnetic ordering.
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Figure 4.5 a) Temperature dependant specific heat measurement from 2 K to 300 K. Inset
of figure a is low temperature specific heat. b) C/T vs T in low temperature range.

The Eu-Eu inter-planner and intra-planner distance are ranges in 4.41-4.45 A and
4.33-4.35 A, respectively while in Eu metal is 3.27-3.36 A. Larger separation between Eu
atoms in Eu,AgGes as compared to its metallic form leads the localization of f-electron on

Eu atoms, therefore very less f-orbital overlap in Eu2AgGes. Localization of f-electrons
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leads to polarise the conducting electron and hinders the movement and resulting heavy
mass of conducting electrons. Due to random occupation of Ag/Ge atoms produces the
varying electronic environment around Eu atoms and induces the varying RKKY
interaction.
4.4 Conclusion

In conclusion, our study on polycrystalline Eu2AgGes through varying ZFC and
FC susceptibility measurement with different applied magnetic field and specific heat
under with zero field give the clear indication of spin glass behaviour around 11 K and
ferromagnetic ordering around 36 K. To confirm the spin glass behaviour, ac
susceptibility with varying frequency is required. To get the nature of spin glass either it
is Ising or Heisenberg system, need to measure ZFC and FC curve with low applied
magnetic field with very small step size. Interesting point is that it exhibits reentrant spin
glass behaviour.
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