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Preface

Magnetic refrigeration, a potential cooling technology based on magnetocaloric effect
(MCE) has attracted worldwide attention owing to its higher efficiency and eco-friendly nature
compared to the conventional vapour compression-expansion technique. MCE is the thermal
response of the magnetic material to an applied magnetic field and is induced by the coupling
of magnetic sub lattice with an external magnetic field. It is defined as the reversible change in
the magnetic component of total entropy (and temperature) of a material upon the application
or removal of magnetic field. Magnetic refrigerants, such as Gd-Si-Ge, La-Fe-Si and its
hydrides, Mn-Fe-P-As, Ni-Mn-Z (Z= In, Sn, Sh, Ga) based Heusler alloys and manganites have
come to research focus. Research on Gd-Si-Ge compounds are of special interest owing to the
existence of a strong correlation between its crystal structure and magnetic properties. Giant
MCE in Gd-Si-Ge system has been attributed to the coupled magneto-structural transition from
the high temperature monoclinic paramagnetic phase to the low temperature orthorhombic
ferromagnetic phase that occurs in the vicinity of the magnetic ordering temperature. In addition
to intermetallics, electron-doped manganites have also been found to exhibit large
magnetocaloric effect (MCE) under moderate applied fields. The present thesis work focuses
on the magnetic and magnetocaloric properties of Gd-Si-Ge based intermetallics and lanthanum
tellurium manganites.

The first chapter is an overview on the fundamentals of magnetism and its applications
and the second chapter introduces the features of Gd-Si-Ge based intermetallics and
lanthanum tellurium manganites in detail. The preparation and characterization techniques
adopted throughout the research work are discussed in third chapter.

The fourth chapter discusses the structural, magnetic and magnetocaloric properties of
Nd substituted GdsSi>Ge, with x=0, 0.05, 0.1 and 0.2. The composition with x = 0.05
crystallizes in monoclinic GdsSi>Ge; structure with P1121/a space group and undergoes a first
order phase transition with a Curie temperature of 275 K. With increase in Nd content to x =
0.1, the compound is found to stabilize in orthorhombic GdsSis phase with Pnma space group.
The compounds with x = 0.1 and 0.2 undergoes a second order magnetic transition at 300 K
and 293 K, respectively. A maximum entropy change for Gds.xNdxSi>Ge; alloys with x = 0.05,
0.1, and 0.2 are 12.8, 7.6, and 7.2 J/kg K respectively, for a field change of 50 kOe. A large
relative cooling power of 295, 205, and 188 J/kg are obtained for x = 0.05, 0.1, and 0.2,
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respectively, fulfilling the required criteria for a potential magnetic refrigerant in the room
temperature regime.

The fifth chapter examines the influence of cobalt on the structure, magnetic and
magnetocaloric properties of GdsSi2-xCoxGez (x=0, 0.1, 0.2 and 0.4). Structural studies show
that the substituted compounds exhibit a multi-phase nature. An anomalous low field magnetic
behavior indicating a Griffiths-like phase has been observed which is attributed to the local
disorder within the crystallographic structure which is stabilized and enhanced by competing
intra-layer and inter-layer magnetic interactions. The magnetostructural transition results in
entropy changes (-ASwm) of 9 J/kg K at 260 K for x=0.1, 8.5 J/kg K at 245 K for x=0.2 and 4.2
J/kg K at 210 K for x=0.4 for a field change of 50 kOe. Universal curve analysis has been
carried out on substituted samples to study the order of magnetic transition.

Chapter 6 deals with the role of cobalt and iron in tuning the magnetocaloric properties of
GdsSi1.7Ge23xTMx (TM=Co and Fe) with x=0, 0.1, 0.2, 0.3 and 0.4. The Curie temperature
could be tuned to near room temperature with the substitution of iron and cobalt. Cobalt
substitution results in maximum entropy changes of 12.8 J/kg K at 243 K for x=0.1, 14.5 J/kg
K at 262 K for x=0.2, 10.4 J/kg K at 270 K for x=0.3 and 5.8 J/kg K at 283 K for x=0.4 for a
field change of 50 kOe. The maximum entropy change (-ASwm) for iron substituted samples are
11.2J/kg K at 247 K for x=0.1, 12.7 J/kg K at 253 K for x=0.2, 8.3 J/kg K at 273 K for x=0.3
and 7 J/kg K at 287 K for x=0.4 for a field change of 50 kOe. Universal curve behavior of the
substituted samples is also discussed in the chapter.

Chapter 7 highlights the effect of cobalt substitution on the structural, magnetic and
magnetocaloric properties of electron-doped manganite Lag7Teo3Mn1-xCoxO3 (X =0, 0.1, 0.2,
0.25, 0.3 and 0.5). Cobalt substitution induces a structural transition from rhombohedral (R-3c
space group) to orthorhombic (Pbnm space group). X-ray photoelectron spectroscopy (XPS)
indicates that the structural transition is due to the disordered distribution of Mn?*/Mn** and
Co?*/Co®* ions. Re-entrant spin glass behavior is observed at low doping concentrations due to
the presence of competing FM— AFM exchange interactions. Magnetocaloric property of the
electron-doped manganite has been investigated. Relatively large values and broad temperature
interval of MCE makes the present compounds promising candidates for sub-room magnetic
refrigeration applications. The entire work has been summarized in the Chapter 8 along with

the prospects for some future work.
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Chapter 1

Introduction

This chapter gives a brief introduction to magnetism and the
different types of magnetic exchange interactions. A brief

introduction to magnetocaloric effect is also presented.




Introduction

1.1. Introduction to Magnetism

Magnetism is a fascinating and truly exciting phenomenon by which certain
materials exert an attractive or repulsive force on one another. The history of magnetism
dates back to centuries and begins with a mineral named magnetite (Fe3Os), the first
magnetic material known to man. The fact that the magnets align in a unique manner
together with the fact that the Earth itself is a magnet led to the discovery of the compass,
an instrument used quite effectively for navigation purposes, and this has aided the faster
development of civilization. Magnetic materials are indispensable in modern technology
and constitute a wide variety of materials used in compass, toys, security, health care,
communication, transportation, electronic devices, permanent magnets, magnetic
recording media and numerous other aspects of daily life. The development of quantum
mechanics gave more insights into the microscopic principles of magnetism, which has
been able to explain the various magnetic properties quite successfully.

The breakthrough in understanding the principles of magnetism was made through
the discovery of the relation between electricity and magnetism in the 19th century. The
movement of charged particles in a wire or an atom produces an electric current, and each
atom represents a tiny permanent magnet. The elementary quantity in solid-state
magnetism is the magnetic moment m (Coey, 2009). The revolving electron produces an
orbital magnetic moment associated with its orbital motion around the nucleus and a spin
magnetic moment associated with the spin about its own axis. The nucleus itself possesses
spin, but the corresponding nuclear moments are three orders of magnitude smaller than
that associated with electrons, so we often neglect them. In most materials, these magnetic
moments cancel each other out, and only a few transition metal atoms or ions retain a
resultant moment on the atomic scale in solids. In certain materials, the magnetic
moments of a large fraction of the electrons experience a force which tries to align it with
an externally applied field, similar to a compass needle (Spladin, 2011).

When a magnetic field is applied to a material, the magnetic moments within the
material tend to become aligned with the field, and produces a magnetic field, the
magnetization (M), which is a measure of the magnetic moment per unit volume of the
material. Magnetization (M) can also be expressed per unit mass and is called the specific
magnetization (c). The field applied to the material is known as the applied field (H) and

represents the total field that would be present if it was applied to vacuum. Magnetic
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induction (B) represents the total flux of magnetic field lines through a unit cross-
sectional area of the material which, includes both lines of force from the applied field

and from the magnetization of the material and is given by:
B = p,(M+H) (1.1)
where p, is the permeability of free space and is equal to 4r x107 H/m.

Magnetic susceptibility (y), describes the magnetic response of a substance to an
applied magnetic field and under low fields it the ratio of M and H.
Y (1.2)
The permeability of a material is a measure of the degree to which the material can be
magnetized, or it is the ease with which B can be induced in the presence of H. The
permeability (w) is given by

W= (1.3)
The relative permeability (pr ) is a dimensionless quantity and is defined as

n, = £ (1.4)
Ho

The magnetic susceptibility and the relative permeability are related as:

x= K, -1 (1.5)

1.2. Types of magnetic materials

All materials can be classified in terms of their magnetic behavior. The two most
common type of magnetism are diamagnetism and paramagnetism, which accounts for
the magnetic properties of most of the elements in the periodic table at room temperature.
These elements are usually referred to as non-magnetic. Based on the ordering or
exchange, magnetic materials can also be classified into ferromagnetic, antiferromagnetic
and ferrimagnetic.
1.2.1. Diamagnetism

Diamagnetism is a very weak form of magnetism exhibited by atoms which have
no net magnetic moment as a result of their shells being completely filled. It arises due to
the change in the orbital motion of electrons caused by an external magnetic field. The

induced magnetic moment is very small and acts in a direction opposite to that of the
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applied field. When a diamagnetic material is placed between the poles of an
electromagnet, it gets attracted towards regions where the magnetic field is weak. When
the magnetic field is turned on, extra currents are generated in the atom by
electromagnetic induction. According to Lenz’s law, these currents are induced in the
direction which opposes the applied field; therefore, the induced magnetic moments are
directed opposite to the applied field. So, the stronger the field, the more “negative” the
magnetization. Hence, even though the magnetic moments of the free atom cancel out,
the changes in the magnetic moment always act to oppose the field. Hence, diamagnetic
materials tend to expel magnetic flux from their interior, and therefore, they exhibit
negative x. All materials show diamagnetism, but since it is so weak, it can be observed
only when other types of magnetism are completely absent. The susceptibility of a
diamagnet is independent of temperature. Superconductors are perfect diamagnets, and
when placed in an external magnetic field, they expel the field lines from their interior.
Other examples include bismuth, water, noble gases, etc. The variation of magnetization

with field and susceptibility with temperature for a diamagnetic material is shown in

Figure. 1.1.
(a) .4 (b)

+

.
M M=yH
1<0
----- BT ; | o = constant T
Slope=y | ..

Figure 1.1. Variation of (a) Magnetization with field and (b) Susceptibility with

temperature for a diamagnetic material.
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1.2.2. Paramagnetism

In paramagnetic (PM) materials, the individual atoms or molecules have a net
orbital or spin magnetic moment, which are randomly oriented. These moments are only
weakly coupled to each other, and the thermal energy causes random alignment of the
magnetic moments, and hence there is no net magnetization. When a magnetic field is
applied, the moments start to align, but only a small fraction of them are aligned in the
direction of field for all practical field strengths. Hence, they have a small and positive
susceptibility between 107 and 10 and a relative permeability slightly greater than one.
However, they do not retain magnetism once the field is removed. Paramagnetism occurs
in atoms and molecules with unpaired electrons, for example, free atoms, free radicals,
and in compounds of transition metals containing ions with unfilled electron shells. It also
occurs in metals because of the magnetic moments associated with the spins of the
conducting electrons. Several theories have been proposed to explain the paramagnetic
behavior in materials. The Langevin model, applies to materials with non-interacting
localized electrons. According to the Langevin model, each atom has a magnetic moment,
which is randomly oriented as a result of thermal agitation. The application of magnetic
field creates a slight alignment of these moments, and hence a low magnetization is
induced in the same direction as the applied field. As the temperature increases, the
thermal agitation increases, and it becomes difficult to align the atomic magnetic
moments and hence the susceptibility decreases. This behavior is known as the Curie law

and is given by,

_ Nuﬁﬁ

BT

(1.6)

where N is the Avogadro number, K is the Boltzmann constant, T is the temperature and
L 1S the effective magnetic moment given by

Hee = g [JAH D (1.7)

J(J+1)+S(S+1)-L(L+1)

where g is the Lande g factor and g = 1+
2J(J+1)

(where L, S and J are

the orbital, spin and total angular momentum quantum number). When the orbital

contribution is neglected, this reduces to the spin-only value,

Page |5



Introduction

ue= g [S(S+DI* (1.8)

Equation (16) can be written as
— 19
X T ( . )

Nl”l*eff2

3K,

where the Curie constant C =

In materials that obey this law, the magnetic moments are localized at the atomic
or ionic sites, and there is no interaction between the neighbouring magnetic moments. In
pure paramagnetism, the external magnetic field acts on each atomic dipole independently
and there is no interaction between the individual atomic dipoles. This paramagnetic
behavior can also be observed in ferromagnetic materials above their Curie temperature.
In fact, many paramagnetic materials do not obey the Curie law, but follow a more general

temperature dependence given by the Curie-Weiss (CW) law,

X= L (1.10)
T-0
where 6 can either be positive, negative, or zero. Weiss explained the observed Curie—
Weiss behavior by postulating the existence of an internal interaction between the
localized moments, which he called the “molecular field”. When 6 = 0, the Curie-Weiss
law reduces to the Curie law. A non-zero value of 8 indicates that there is an interaction
between the neighbouring magnetic moments, and the material becomes paramagnetic
only above a certain transition temperature. When 6 is positive, then the material is
ferromagnetic below the transition temperature, and the value of 8 corresponds to the
Curie temperature, Tc. When 0 is negative, then the material is antiferromagnetic below
the transition temperature, known as the Neel temperature, Tn. This equation is only valid
when the material is in the paramagnetic state. It is not valid for many metals, as the
electrons contributing to the magnetic moment are not localized. However, the law
applies to some metals, e.g. rare earths, where the 4f electrons, which create the magnetic
moment, are closely bound. The variation of magnetization with field and susceptibility

with temperature for a paramagnetic material is shown in Figure. 1.2.
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Figure 1.2. Variation of (a) Magnetization with field and (b) Susceptibility with

temperature for a paramagnetic material.

1.2.3. Ferromagnetism

Ferromagnetic (FM) materials exhibit spontaneous magnetization and a clear
magnetic ordering temperature. In ferromagnets, there is a strong internal interaction
between the atomic magnetic moments which aligns them parallel to each other. In 1907,
Weiss postulated that this effect is due to the presence of a molecular field within the
ferromagnetic material which is sufficient to magnetize the material to saturation.
Heisenberg model of ferromagnetism describes the parallel alignment of magnetic
moments in terms of an exchange interaction between the neighbouring moments. Weiss
postulated that magnetic domains are present within the material and the movement of
these domains determines how the material responds to an applied magnetic field. At
room temperature, only Fe, Co, and Ni are ferromagnetic. Their magnetic moments
interact strongly with each other and hence, require a larger thermal energy to disrupt
their magnetic ordering and make them paramagnetic, which results in a higher Curie
temperature. When ferromagnetic materials are heated, the degree of alignment of the
atomic magnetic moments decreases due to thermal agitation, and hence the saturation
magnetization also decreases. Eventually, the thermal agitation becomes so great that the
material becomes paramagnetic above the Curie temperature. The Curie temperature of
Fe, Co and Ni are 1043 K, 1404 K and 631 K respectively. Above Tc, the susceptibility
of ferromagnets varies according to the Curie-Weiss law. The variation of magnetization
and the inverse susceptibility (y) as a function of temperature for a ferromagnetic

material is shown in Figure. 1.3.
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Figure 1.3. Variation of (a) Magnetization with temperature and (b) Inverse susceptibility

with temperature for a ferromagnetic material.

A ferromagnet in the demagnetized state is composed of a number of small regions
called domains. Each domain is spontaneously magnetized to its saturation value of
magnetization. But the magnetization vectors in different domains have different
orientations, and hence, the total magnetization averages to zero. The process of
magnetization involves the conversion of the specimen from a multi-domain state into a
single domain state. For a ferromagnetic material, the field dependence of magnetization
is nonlinear, and at large values of H, the magnetization, M becomes constant at its
saturation value Ms, as shown in Figure 1.4. But once saturated, a decrease in H to zero
does not reduce M to zero. Hence, it possesses some magnetization called remanent
magnetization (M). To demagnetize the material, a reverse field is required and the
magnitude of this field is called coercivity (Hc). The M-H curve in the case of
ferromagnets and ferrimagnets is called the magnetic hysteresis loop (Figure 1.4). It
represents the energy loss during the process of magnetization and demagnetization and
this amount of energy (the hysteresis loss) is proportional to the area inside the loop. In a
typical M-H curve of a ferromagnet, at the low field region, magnetization increases due
to domain wall motion. As a result, domains which are favourably oriented in the
direction of the applied field grow at the expense of others, and beyond that,
magnetization occurs only by domain wall rotation which occurs at higher field strengths

as shown in Figure 1.4. But when the temperature increases the saturation magnetization
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of a ferromagnetic substance decreases and at Tc¢, the domain structure is collapsed, and

the material becomes paramagnetic above Tc.

M_ 3

Magnetic domains are
M, saturated in field
% = = direction

. . Initial Magnetization curve:
Magnetic domains are Virgin curve

saturated in opposite
direction

Figure 1.4. Hysteresis loop and magnetic domain morphology of ferromagnetic

materials.

1.2.4. Antiferromagnetism

In antiferromagnetic (AFM) materials, the exchange interaction between the
magnetic moments tends to align adjacent moments antiparallel to each other, and hence,
there is no net zero field magnetization. We can consider antiferromagnets as consisting
of two interpenetrating and identical sub lattices of magnetic ions, as illustrated in Figure
1.5. One set of magnetic ions is spontaneously magnetized in one direction below the
critical temperature, called the Neel temperature, T, and the second set is spontaneously
magnetized in the opposite direction by the same amount. As a result, antiferromagnets
have no net spontaneous magnetization, and their response to external fields at a fixed
temperature is similar to that of paramagnetic materials, i.e. the magnetization is linear in
the applied field, and the susceptibility is small and positive. The temperature dependence
of susceptibility above Ty is also similar to that of a paramagnet, but below T\ it decreases
with decreasing temperature, as shown in Figure 1.6 (a). The susceptibility of AFM
materials is also temperature dependent and is shown in Figure. 1.6 (b).
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Figure 1.5. Ordering of magnetic ions in an antiferromagnetic lattice.

Above Tn, the moments are PM and below Tn the moments are arranged

antiparallel. The paramagnetic susceptibility of an antiferromagnet is given by

C
T+6

Examples of antiferromagnets include chromium and manganese. The variation

xX= (1.11)

of susceptibility and inverse susceptibility as a function of temperature for an AFM

material is shown in Figure. 1.6.

(a) (b) 4
% !

b — - — —
A Y

Figure 1.6. Variation of (a) Susceptibility with temperature and (b) Inverse susceptibility

with temperature for an antiferromagnetic material.
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1.2.5. Ferrimagnetism

Ferrimagnets exhibit a spontaneous magnetization below the critical temperature,
Tc, similar to ferromagnets even in the absence of an applied field. However, the typical
ferrimagnetic magnetization curve is distinctly different from that of the ferromagnetic
curve. The exchange coupling between adjacent magnetic ions in a ferrimagnet leads to
an antiparallel alignment of the localized moments similar to antiferromagnets. However,
ferrimagnets possess a net magnetic moment, because the magnetization of one sub lattice
is greater than that of the oppositely oriented sub lattice. A schematic representation of
the ordering of magnetic moments in a ferrimagnet is shown in Figure 1.7. Figure 1.8
shows the typical magnetization and inverse susceptibility curves in ferromagnets and

ferrimagnets (Spladin, 2011).

Figure 1.7. Ordering of magnetic ions in a ferrimagnetic lattice.

AX-I

Ferromagnet

———- Ferrimagnet

>
>

T, T

Figure 1.8. Comparison of magnetization and inverse susceptibility in ferromagnet and

ferrimagnets.
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1.2.6. Spin glass

Spin glasses (SG) are frustrated magnetic systems with mixed interactions
characterized by a random, yet co-operative, freezing of spins at a well-defined
temperature “T¢ (the freezing temperature) below which a metastable frozen state appears
without the usual magnetic long-range ordering (Blundell, 2001). This behavior is very
similar to glasses. Glasses being amorphous have short range crystalline order and
frustrated magnetic systems with inherent magnetic frustrations also make a short range
magnetic order similar to the order parameter of glasses. Both randomness’s in site
occupancy and frustration of magnetic moments are necessary to produce an SG state.
The divergence between the Field Cooled Cool (FCC) and Zero Field Cooled (ZFC)
magnetic susceptibility below ‘Tf’, reflects the metastable nature of the magnetic
transition. In a spin glass state, all the spins are independent and the orientation of the
dipoles changes slowly. The glassy state in a magnetic system can be further proved by
the temperature dependence of AC susceptibility in which susceptibility becomes

frequency dependent below ‘Tt’.

06666060666
. 56-66606666¢

) 0606660060
) 6666660666

Figure 1.9. Orientation of magnetic moments in Spin Glass.

The glassy state in a magnetic system can be further proved by the temperature
dependence of AC susceptibility in which susceptibility becomes frequency (f) dependent
below ‘T¢’. The empirical parameter 6T is used to express the Tt vs. f dependence, as
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following: 8T, = AT, /(T; Alog ®) where the angular frequency, o =2x=f . The value is

typically 0.005-0.08 for SG whereas it lies in the range of ~0.1 for non-interacting super
paramagnetic systems (Mydosh, 1993).

1.2.7. Griffith’s like Phase

The Griffiths like phases (GP) was originally proposed for randomly diluted Ising
ferromagnets, in which only a fraction of the lattice sites is occupied with spins and the
rest are filled with non-magnetic atoms or remain vacant. According to Griffith’s theory,
there is always a finite probability of finding FM clusters with randomly distributed spins
[i.e., in PM state] in the temperature range Tc < T < Tg, where Tc and Tg are CW
temperature and Griffith’s temperature, respectively. Thus, in the Griffith’s regime,
spontaneous magnetisation is absent due to the absence of any long range static FM
order (Pramanik et al., 2010). However, Bray extended this explanation to a bond
distribution that reduces transition temperature and the GP is supposed to be present
in the regime Tc R < T < Tg, where Tc R is the critical temperature of the random FM
where susceptibility diverges (Bray, 1987). Thus, GP is the region between the
completely ordered states above Tc R and the disordered state below Te. This is the
region of PM phase, where FM clusters are formed. It is well established that
quenched disorder and/or the competition between magnetic interactions are
the fundamental ingredients for the onset of GP (Markovich, et al., 2013). Usually, the

susceptibility of a GP at low fields follows the power law

1A
) T
1 (T) o [_R'IJ (1.12)
Tc

where A is the magnetic susceptibility exponent (0 <A < 1) and TcR is the random
critical temperature (Pereira et al., 2010; Ouyang, 2010). TcR is taken as the temperature
for which the equation yields a A (A pm) value close to zero above Te. The value of A lies

in between 0 and 1 and decreases with increase in the field, a signature of GP.
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Figure 1.10. Magnetic moments in Griffiths like phases.

1.3. Magnetic exchange interactions

The most important characteristic of materials with long range magnetic order is
the exchange interactions. The magnetic order in magnetic systems arises due to the co-
operative effects between magnetic moments located at constituent ions. The interaction
among the spins is mediated by spin dependent electrostatic interaction known as the
exchange interaction. The lowering of the free energy of a magnetic material due to the
exchange interaction leads to magnetic order, and it persists below a definite temperature,

known as the magnetic ordering temperature or Curie temperature.

The first effort towards the understanding of magnetic order was given by Weiss
by assuming the existence of an internal molecular magnetic field. The origin of this field

was given by Heisenberg in terms of the exchange Hamiltonian (Hex) (Blundell, 2001).

== ZJ,J y (1.13)

The spin located at the lattice site i’, Sj, interacts with the spin located at site j’,

Sj and the strength of interaction is determined by the exchange parameterJ;. The

summation in the above equation extends over all pairs of spins. The exchange parameter

J; determines the ordering temperature and is of electrostatic origin. The interaction

between the two spins arises from electrons present on the same atom or two different
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atoms. When the two electrons are on the same atom, the exchange integral J; is positive.

Magnetism due to co-operative effects of the moments is termed as “exchange
interactions” and are broadly divided into direct exchange interactions and indirect

exchange interactions.

1.3.1. Direct Exchange Interactions

Direct exchange interaction occurs between ions whose spins are close enough to
have sufficient overlap of their wave functions. Electrons spend most of their time
between neighboring atoms when the interatomic distance is small. This gives rise to
antiparallel alignment and therefore negative exchange (antiferromagnetic) as shown in
Figure 1.11 (a). If the atoms are far apart the electrons spend their time away from each
other to minimize the electron-electron repulsion. This gives rise to parallel alignment or

positive exchange (ferromagnetism) as shown in Figure 1.11 (b).

o @ 1l @ ® 1@ @I

Figure 1.11. (a) Antiparallel alignment for small inter atomic distances favouring
antiferromagnetism (b) Parallel alignment for large inter atomic distances favouring

ferromagnetism.

Exchange in a roughly half-filled band is antiferromagnetic, because the energy
gain associated with letting the wave functions expand onto neighbouring sites is only
achieved when the neighbours are antiparallel, leaving empty orbitals on the neighbouring
sites to transfer into. Nearly filled or nearly empty bands tend to be ferromagnetic (Figure

1.12) because electrons can then hop into empty states with the same spin.
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Figure 1.12. lllusration of ferromagnetism and antiferromagnetism in 3d elements.

In the case of 3d transitions series, the electrons responsible for the magnetism
belong to 3d orbital and have large spatial spread with a strong overlap. Therefore, the
exchange interaction is direct and is the strongest, leading to a ferromagnetic coupling
between the 3d spins. The variation of the exchange strength across the 3d series is well
illustrated by the Bethe-Slater curve shown in Figure 1.13. It is found that the ratio of
ran/fq can be correlated with the sign of the exchange interaction, where ‘rap” denotes the
interatomic distance and ‘rg’ is the radii of the incompletely filled d subshell. For large
values of rap/ra (ran/ra >3), but not very much larger, the exchange is positive while for
small values, it is negative.

Ji- A
! Co

Cr

Figure 1.13. Bethe-Slater curve showing the variation of exchange strength across the

3d elements.
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1.3.2. Indirect exchange interactions

1.3.2.1. Super exchange

Super exchange (SE) interaction occurs between two nearest-neighbour cations joined
through a shared non-magnetic ion such as oxygen (O). Transition metal (TM) oxides are
excellent models for super exchange interaction. Compared to all other interactions it is
a long ranged; hence it is called as ‘super’ (Blundell, 2001). It is an oxygen-mediated

exchange between TM ions based on the virtual hopping of the O,,. electrons. The 0%

ion with the electronic configuration 1s? 2s? 2p® have fully occupied triply degenerate p
orbitals (2px, 2py, 2pz) with six electrons. In oxide systems, the five d orbitals of TM are
not degenerate, but they split into triply degenerate tog orbitals (3dxy, 3dy, 3dx;), and
doubly degenerate eq orbitals (3d,?, 3dx%y?). The eq orbitals point along the crystal axes,

and, therefore, overlap with the O,, orbitals. SE interaction depends on the potential

exchange as well as kinetic exchange. The potential exchange is due to the electron
repulsion, which favours ferromagnetic ground states, but is small when the ions are well
separated. The kinetic exchange depends on the degree of overlap of orbitals, which
favours antiferromagnetic ordering. Therefore, super exchange strongly depends on the
angle of the TM-O-TM bond. The super exchange interaction between Mn3* ions is
illustrated in Figure 1.14. Mn3" with electronic configuration [Ar] 3d* has four electrons
in the five 3d orbitals, three of them occupying the tog orbitals and the fourth is located in
one of the two eq orbitals, which point along the crystal axes and therefore overlap with
the O-2p orbitals. Virtual hopping of O-2p electrons to these overlapping Mn eq orbitals
leads to virtual excited states which can result in a reduction of the total energy of the
system depending on the spin directions (Opel, 2012). The relation between the super
exchange interaction and the symmetry of electron orbital is described by the
Goodenough-Kanamori-Anderson (GKA) rules (Goodenough, 1955; Kanamori, 1959;
Anderson, 1950; Goodenough, 1963) which are summarized below:

1. The 180° exchange interaction between two half-filled or two empty TM orbitals

will be strongly antiferromagnetic. For two TM cations along the z direction, with

one electron each in their respective eq orbitals, virtual hopping of the two Ozpz

electrons reduces the total energy of the system only if the TM core spins are
aligned antiparallel.
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2. The 180" exchange interaction between one half-filled and one empty TM orbitals
is weakly ferromagnetic. For two TM cations along the z direction, where the first

has one electron and the second with no electron in their respective eg orbitals,
virtual hopping of the two O,,, electrons will reduce the total energy of the system
if the TM core spins are aligned parallel.

3. The 90° exchange interaction between two half-filled TM orbitals is weak and

ferromagnetic. For two TM cations with one electron in their respective eg orbitals

sharing the same corner O~ ion, virtual hopping of one electron in the O,,, orbital
and one electron in the Oy, orbital will reduce the total energy of the system if

the TM core spins are parallel.

Mn 3+ Oz r\ Mn 3+

Q
M =
@
il
@)

Figure 1.14. Super exchange interaction between Mn®" ions in manganites.

1.3.2.2.Double exchange

Double Exchange (DE) was interaction proposed by Zener, in 1951 (Zener, 1951).
It is usually observed in mixed valence manganites containing Mn** and Mn** ions or
Mn3* and Mn?* ions and is based on the real hopping of electrons between the manganese

ions. The innermost electron in the 3d , orbital of Mn3* ion can hop via the O,,, orbital
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to the 3d , orbital of Mn** ion and its spin gets coupled with those of both ion cores. The

DE mechanism, observed in Lao.7A03MnOs (A= tetravalent ions such as Te, Ce, etc),
between Mn** and Mn?* ion separated by an O*7ion, is illustrated in Figure 1.15 and the
ferromagnetic alignment due to the double exchange mechanism can be understood from
the figure. The eq electron on the Mn?* ion hop to the eq orbital of the Mn®* ion favouring
double exchange interaction. However, there is a strong single-centre exchange
interaction between the eg electron and the three electrons in the tog level which wants to
keep them all aligned. Thus, it is not energetically favourable for an eg electron to hop to
a neighbouring ion in which the tyg spins will be antiparallel to the ey electron.
Ferromagnetic alignment of neighbouring ions is therefore required to maintain the high-
spin arrangement on both the ions. Since hopping reduces the kinetic energy saving, there
is a gain in the overall energy due to hopping. Thus the system ferromagnetically aligns
to save energy. Moreover, the ferromagnetic alignment allows the eq electrons to hop
through the crystal, and the material becomes metallic.

,,f—"-'h~\\ l,’a"'-s,\
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Figure 1.15. Double exchange interaction in manganites.

1.3.2.3. RKKY interaction
The exchange interaction between the magnetic ions in a metal mediated by the
conduction electrons (itinerant electrons) is known as Ruderman-Kittel-Kasuya-Y osida

(RKKY) exchange interaction. RKKY interaction describes the magnetic interaction
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between the localized d or f electron spins (magnetic ion) and the delocalized conduction
band electrons (sp-band). The localized moments in the 4f shell interact via electrons in
the 5d/6s conduction band. The magnetic ordering seen in rare earth elements is due to
this RKKY exchange interaction. In rare earth ions, the electrons in the (n-2) f shell are
shielded by the ns and (n-1) p electrons. As a result, the direct exchange is rather weak
and insignificant. Thus, the indirect exchange via the conduction electrons gives rise to
magnetic order in these materials. A schematic representation of RKKY interaction is
shown in Figure 1.16.

RKKY interaction is long range and has an oscillatory dependence on the distance
between the magnetic moments. Hence, depending on the separation, it may be either FM

or AFM. The coupling takes the form of an r-dependent exchange interaction Jrkky (r)

given by
cos( 2K.r
Jrkr (1) OC—(rg 3 ) (1.14)

where, K. is the radius of the Fermi surface.
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Figure 1.16. RKKY interaction in metals.

1.4.  Introduction to Magnetocaloric Effect

Magnetocaloric effect (MCE) is the change in temperature of a material as a result
of alignment of its magnetic spins that occurs on exposure to an external magnetic field.
The isothermal magnetization of the material causes the entropy of the spin subsystem to

decrease, leading to heating of the material due to the increase in its lattice entropy. When

Page | 20



Introduction

this magnetic field is removed adiabatically, the material gets cooled as the magnetic
entropy increases and the lattice entropy decreases. This heating and cooling of a
magnetic material, in response to a changing magnetic field, is similar to the heating and
cooling of a gaseous medium in response to an adiabatic compression and expansion.
Therefore, by magnetizing and demagnetizing, a magnetic material can operate as a
magnetic refrigerant. The temperature difference between the initial and final magnetic
states of the material depends on various intrinsic and extrinsic factors. The intrinsic
factors that determine the MCE of a material are chemical composition, crystal structure,
and the magnetic phase of the compound while the extrinsic factors include temperature,
surrounding pressure, and the change in magnetic field, i.e. whether the magnitude of
magnetic field is increased or decreased. The development of magnetic refrigeration
(MR) technology, is based on the principle of MCE (Tishin, 1999; #Pecharsky et al.,
1999), and is considered as a sound alternative to the conventional gas compression
expansion technique (*Pecharsky et al., 1999; Gschneidner et al., 2000). The cooling
efficiency of a magnetic refrigerator is high and can reach up to 60% of the Carnot cycle,
whereas in case of compression expansion technique, the best achieved limit is only 40%
(Franco et al., 2012). Hence MR is more efficient than the gas compression expansion
technique. The significant advantage of MR over the gas compression-expansion
refrigeration is that it is an environmental friendly cooling technology as it does not use
any ozone depleting or global warming greenhouse effect gases and hazardous chemicals
(Gschneidner et al., 2000). However, the realization of magnetic refrigeration at room
temperature needs the availability of GMCE materials.
1.4.1. Historical Background

The connection between magnetism and heat goes back over 150 years when
Faraday discovered that a time varying magnetic flux induces an electrical current (Smith,
2013). Later, in 1843, Joule observed that heat is evolved in samples of iron when it is
subjected to a changing magnetic field (Joule, 1843). In 1860, William Thomson
demonstrated on thermodynamic grounds that if the magnetization of a sample decreases
(increases) as a function of temperature, the sample will heat (cool) reversibly when
exposed to a magnetic field and will cool (heat) slightly when the field is withdrawn
(Thomson, 1860; Thomson, 1878). In 1881, Warburg discovered the hysteresis of
ferromagnets and put forth the Warburg’s law which states that the heat dissipated during
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a hysteresis loop is equal to the area enclosed by the loop in an M-H diagram (Warburg,
1881). J.A. Ewing discovered the same phenomenon independently, and gave the name,
hysteresis (Ewing 1882). Warburg and Honig measured the hysteresis heat directly in
1882 (Warburg et al., 1882). In 1917, Weiss and Piccard discovered MCE experimentally
(Weiss et al., 1917; Weiss et al., 1918). They observed a sizable and reversible
temperature change in Ni near its Curie temperature. In the late 1920s, the first practical
use of MCE to reach temperatures lower than that of liquid helium, which has been the
lowest achievable experimental temperature in those days, using the phenomenon called
adiabatic demagnetization was independently proposed by Debye (Debye, 1926) and
Giauque (Giauque, 1927). A few years later, in 1933, the process was demonstrated for
the first time by Giaugque and MacDougall (Giauque et al., 1933) using paramagnetic salts
(e.g., Gd2 (S0O4)3.8H20). They achieved a temperature change of 0.25 K. In 1997, as a
proof-of-principle, it was demonstrated that magnetic refrigeration is a feasible and eco-
friendly cooling technology near room temperature with potential energy savings of up
to 30% (Zimm et al., 1998). Since then there has been an increase in the research activities
in this area. During the last few years, MCE has been investigated intensively because of
its potential application in magnetic refrigeration near room temperature.
1.4.2. Principle of MCE

The physical origin of MCE is due to the coupling of the magnetic sub lattice with
the applied magnetic field H, which produces a change in the magnetic contribution to
the entropy of the system. MCE is measured in terms of isothermal magnetic entropy
change (ASwm) or adiabatic temperature change (ATad). The two stages involved in MCE
are isothermal magnetization and adiabatic demagnetization. In the first stage, the
application of magnetic field reduces the magnetic entropy of the solid which, in turn, is
reflected as the increase in its lattice entropy. The heat emitted from the system is
removed in the reversible process. In the second stage, upon the adiabatic removal of the
magnetic field, the sample is cooled as the magnetic entropy increases and the lattice
entropy decreases to maintain the entropy of a closed system at a constant value (Min et
al., 2009). Figure 1.17. shows the basic principle behind MCE. Initially the application
of a magnetic field on the magnetocaloric material aligns the randomly oriented magnetic
moments, resulting in heating of the material. The heat evolved is then extracted from the

material by a heat-transfer medium to the ambient. On removing the magnetic field
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adiabatically, the magnetic moments randomize. Consequently, the sample temperature
decreases below the ambient temperature. Heat from the system to be cooled can then be

extracted by using the heat-transfer medium.

Isothermal
magnetization

Heat
) Removal
Absorb *
heat |
/
/

N

Adiabatic
demagnetization

Figure 1.17. Schematic representation of the basic principle behind MCE when a
magnetic field is applied and removed in an isolated magnetic system.

The total entropy (S) of a ferromagnet at constant pressure is a function of both
the applied magnetic field (H), and temperature (T), and the contributions arise from the

lattice entropy (S.at), electronic entropy (Sei), and the magnetic entropy (Swm),
S(T,H) = S,,(T,H) + S, (T) + S,(T) (1.15)

The schematic representation of the S vs. T plots of a ferromagnet near its Curie
temperature Tc is depicted in Figure 1.18. The total entropy, along with the magnetic
entropy, is displayed for zero field, Ho and for an applied field, H1. The relevant processes

shown in the figure to understand the thermodynamics of MCE are:
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a) When H is applied isothermally, the total entropy of the system decreases due to
the increase in the magnetic order and the isothermal magnetic entropy change
(ASw) in the process is defined as

AS,,=S(T, Hy) - S(T, H,) (1.16)

b) When H is applied adiabatically in a reversible process, the magnetic entropy
decreases as the total entropy remains a constant, i.e.
S(T,, H,) = S(T,, H,) 1.17)
This leads to an enhancement in the temperature of the material. The adiabatic
temperature change (ATad), Which is the difference between the initial temperature
To and the final temperature Tz is the MCE in the material.
Here, So and To represents zero field entropy and temperature whereas S; and Ty are
entropy and temperature at a higher field Hi. Therefore, the two quantities ATaq and ASm
are used to characterize the MCE. Hence, if raising the field increases the magnetic order,
i.e., decreases the magnetic entropy, then ATaq is positive and magnetic solid heats up,
while ASw is negative. But if the field is reduced, magnetic order decreases and ATad is

negative, while ASw is positive, giving rise to a cooling of the magnetic solid.

g
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Figure 1.18. S-T plots showing the MCE. (Adapted from reference Yu et al., 2003).
In Figure 1.18, solid lines represent the total entropy in two different magnetic

fields, Ho =0 and H:>0. The dotted line shows the combined lattice and electronic
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(nonmagnetic) contributions to entropy, and the dashed lines show the magnetic entropy
(ASwm) in the two fields. The horizontal arrow shows the adiabatic temperature change
(ATad) and the vertical arrow shows the isothermal magnetic entropy change (ASwm), when
the magnetic field is changed from Ho to Hs.

Using Maxwell’s relation, the MCE parameter ASm is correlated with the

magnetization (M), the magnetic field strength (H), and the absolute temperature (T) as:

oS(T,H OM(T,H
) o) w9
oH |; oT H
The integration of the above equation for an isothermal and isobaric process gives
Hl
AS,,(T, AH) = j {M} dH (1.19)
o, oT !

From the above equation, it is clear that the magnetic entropy change is proportional to
the temperature derivative of magnetization at a constant field. For magnetization
measurements made at discrete field and temperature intervals, ASm (T, H) can be

approximately calculated by the following relation,

ASy (T, AH) =" Mo (g ) -Mi(T H) gy (1.20)
i Ti+1_ Tl
Combining the above equation with the relation
0S
C,=T|—= 1.21
=117 R

where Ch is the specific heat of the material, the infinitesimal adiabatic temperature rise

for the reversible adiabatic-isobaric process is given by

aT=- | ' [5'\"“’ H)} dH (1.22)
C(T, H) |, oT |,
Integration of Egn. (1.22) gives the value of MCE as (Tishin et al., 2003),
Hy
AT, (T, AH) = - j T {aM(T’ H)} dH (1.23)
Hq C (T1 H) H aT H

A careful examination of the above equations provides the following information,
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a) In the case of a ferromagnet is maximum at the Curie temperature (Tc)

H

&

and therefore, |AS,,(T),,| should peak at Tc.

b) For the same value of |ASM(T)AH|, the ATag will be larger at higher absolute

temperature, and lower heat capacity.

From Egs. (1.19) and (1.23), it can be seen that both ASm and ATag are proportional
to (OM/0T)n and ATag is proportional to the absolute temperature (T) and inversely
proportional to the heat capacity Cn at constant magnetic field. Since (0M/0T)n peaks at
the magnetic ordering temperature, a large MCE is often expected when its magnetization
changes rapidly with temperature, i.e. in the vicinity of a spontaneous magnetic-ordering
temperature. MCE gradually decreases both below (magnetization is nearly saturated and
is weakly dependent on the temperature in an ordered state) and above (magnetization
shows only a paramagnetic response) the magnetic-ordering temperature. The change in
magnetization with temperature is more near the magnetic transition temperature. Hence,
ASwm and ATqq attain their maximum values near the magnetic transition temperature, and
decreases below and above the transition temperature. Materials with large magnetic
moments are expected to show a large MCE
1.4.3. Measurement of MCE

Direct and indirect methods are available for the measurement of MCE. In the
direct method, the initial temperature (To) and final temperature (Tr) of the sample is
measured when the external magnetic field is changed from Ho to Hr. Then, ATaq IS given
by the relation,

AT, H; -Hy) =T, - T, (1.24)

MCE can be measured directly using contact and non-contact techniques. In
contact technique, the temperature sensor is in direct thermal contact with the sample and
in non-contact technique, the sample temperature is measured without the sensor being
directly connected to the sample. During the direct measurement of MCE, a rapid change
of magnetic field is required, and hence the measurements are carried out on immobilized
samples when the magnetic field change is provided either by charging/discharging the
magnet, or by moving the sample in and out of a uniform magnetic field volume. The

required field is usually provided by a superconducting solenoid or electromagnets, which
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produce fields of 100 kOe and 20 kOe, respectively, whereas the time scale required for
achieving these values varies in seconds in an electromagnet to minutes in a
superconducting solenoid (Tishin et al., 2003).

Unlike the direct measurement, which only yields ATaq, indirect experiments allow
the calculation of both ATag and ASm. Heat capacity measurements yield both ATaq and
ASwm, while the magnetization measurement gives only ASm. The accuracy of ASm
calculated from magnetization data depends on the accuracy of the measurements of M,
T and H. It is also affected by the fact that the exact differentials in Egn. (1.19) are
replaced by the measured variations (dM, dH and dT). Considering all these facts, it is
found that the error in the value of ASm lies within the range of 3-10% (Foldeaki et al.,
1995; 2Pecharsky et al., 1999). Based on the studies of MCE properties on some
compounds, Pecharsky and Gschneidner have shown that the determination of MCE
using the indirect method is reliable (Pecharsky et al., 1996). In the present thesis work,
indirect technique using Eqn. (1.19) has been used to derive the value of ASm from
magnetization measurement and the most commonly used unit of ASwm is J /kg K.

Refrigerant capacity (RC) is a very relevant parameter which determines the cooling
capacity of a magnetocaloric material. It indicates how much heat can be transferred from
the cold end (T1) to the hot end (T>) of the refrigerator in one ideal thermodynamic cycle
for a magnetic field change of AH and is defined as

TZ
RC=- [ ASy(T),, dT (1.25)

T

where AS,,(T)is the isothermal entropy change. Another important parameter which

determines the cooling efficiency of a magnetic refrigerant material for its use in magnetic
refrigeration is the relative cooling power (RCP). It is the measure of the amount of heat
that can be transferred between the cold and hot reservoirs in an ideal refrigeration cycle

and is expressed as:
RCP =-AS,(T),y - T i (1.26)

where 8T, is the full width at half maximum of the AS,,-T curve.

RCP can be considered as a figure-of-merit and may be used for comparison of different
magnetocaloric materials. At a given value of magnetic field, the material with a larger
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value of RCP is considered as a better magnetocaloric material, since it supports a greater
amount of heat transfer in a real cycle, provided all other parameters of the magnetic

refrigerator remain the same.
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Introduction to Gd-Si-Ge series and Lanthanum

Tellurium Manganites

This chapter introduces the different magnetocaloric
materials. The features of Gd-Si-Ge series and Lanthanum
Tellurium manganites is also discussed along with an

overview of the studies conducted so far in these materials.



Introduction to Gd-Si-Ge series and Lanthanum Tellurium Manganites

2.1. Introduction

Refrigeration systems have become an indispensable part of modern
society. About a century ago, fluids such as, air, CO2, NHz were used in refrigeration
systems, which were more or less eco-friendly. However, their refrigeration efficiency
was low and the problems associated with the design of compressors, led to the
development of chlorofluorocarbons (CFCs) and hydro chlorofluorocarbons (HCFCs)
which gave a big boost to the mechanical refrigeration industry in terms of reduced cost,
higher reliability, increased efficiency, etc. However, the use of compressor, evaporator,
condenser, throttling valve, etc. reduced the overall efficiency of the system. Later, it was
observed that CFCs contain reactive gaseous atoms of chlorine or bromine, which reduces
the stratospheric ozone to ordinary oxygen thus depleting the ozone layer, which pose
serious threats to the environment. The ozone layer plays the pivotal role in absorbing the
harmful ultraviolet rays (UV-B) coming towards the Earth. The Montreal Protocol, signed
in 1987 was the first step to protect the stratospheric ozone by phasing out the production
and consumption of ozone depleting substances such as CFCs. HCFCs was considered
the interim solution to the use of CFCs because of their lower ozone depleting potential
than CFCs. However, HCFCs possessed high global warming potential which makes
them harmful to the environment and hence, in 2007, an amendment was made to the
Montreal Protocol to phase-out HCFCs. Later, hydro fluorocarbons (HFCs) were
used as alternatives to HCFCs. HFCs do not deplete the stratospheric ozone, but they are
greenhouse gases having a very high global warming potential. The 28" Meeting of the
Parties to the Montreal Protocol on Substances that Deplete the Ozone Layer held on 15
October 2016 in Kigali, Rwanda reached an agreement to eliminate hydro fluorocarbons
(HFCs) by 2050. In this scenario, it is crucial to find alternatives sources of refrigeration
that do not harm the environment. In this regard, some alternatives like magnetic
refrigeration, which uses MCE, thermoelectric refrigeration that uses Peltier effect have

been researched.

Magnetic refrigeration (MR), a potential cooling technology based on MCE has
attracted worldwide attention owing to its higher efficiency and eco-friendly nature
compared to the conventional vapour compression-expansion technique that is employed
today (Franco et al., 2012). Magnetic refrigerators use solid refrigerants (usually in the

form of spheres or thin sheets), and common heat transfer fluids like water, water-alcohol
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solution, inert gases like helium depending on the operating temperature, and hence do
not produce any ozone-depleting or global-warming effects. An ideal magnetocaloric
material operating at room temperature can effectively contribute to lowering the energy
consumption by 20%-30%. Magnetic refrigeration in the low-temperature regime have
been exploited in space science applications, liquefaction of hydrogen in the fuel industry,
etc. On the other hand, materials exhibiting MCE near room temperature can be used for
domestic and industrial refrigeration (Gschneidner et al., 2005; Provenzano et al., 2003).
The search for new materials, which show GMCE near room temperature for small
changes in magnetic field led to the development of a series of MCE materials such as
Laves phases (Wohlfarth et al., 1962; Khmelevskyi et al., 2000; Singh et al., 2007; Paul-
Boncour et al., 2009; Zhang et al., 2009), La (Fe1-xSix)13 and its hydrides (Hu et al., 2001;
Fujita et al., 2003), Gds(SixGe1-x)4 series (*Pecharsky et al., 1997; Pecharsky et al., 2009;
), MnAs1.«Shy (Wada et al., 2001), MnFe(P1xSix), (*Tegus et al., 2002), NiMn-X (X=
Ga,In,Sn) based Heusler alloys (Pakhomov et al., 2001; Krenke et al.,2005) and
Lanthanum manganites (Morelli et al., 1996; Zhang et al., 1996; Phan et al., 2007).
Experimental studies of pure lanthanide metals revealed that Gd is the best magnetic
refrigerant and can be used to provide cooling between ~270 K and ~310 K (Brown,
1976; Zimm et al., 1998). Other two lanthanides, Th and Dy show lower MCE, and can
be used to provide magnetic cooling between ~210 K and ~250 K, and ~160 Kand ~200
K, respectively (*Gschneidner et al., 2000). Among the pure metals, Gadolinium (Gd) is
one of the most widely studied magnetic refrigerant material (Tishin et al., 1999), as Gd
is known to have the largest magnetocaloric effect at 293 K and is, therefore, considered
to be one of the best magnetic refrigerant material for air conditioning and refrigeration
applications. Rare-earth metals (4f metals) and their alloys have been studied more
extensively than 3d transition metals and their alloys, because the available magnetic
entropy in the magnetic ordering of rare earths is considerably larger than in 3d transition
metals. Alloying with different rare-earth elements provides an opportunity to tune the
magnetic transition temperatures as well as the nature of magnetic phase transitions.
Figure 2.1 shows the maximum magnetic entropy change versus temperature of different
families of MCE materials for AH = 50 kOe.
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Figure 2.1. Maximum magnetic entropy change versus temperature of different families
of MCE materials for AH = 50 kOe (Adapted from Franco et al., 2012).
2.2. Introduction to the Gd-Si-Ge family

The RsT4 family of intermetallic compounds (R= rare-earth metal, T=Si/Ge) was
first studied by Smith et al. (Smith et al., 1966) nearly half a century ago. Initially, both
the silicides RsSis and germanides RsGes were assigned to the layered SmsGes crystal
structure (3Smith et al., 1967, °Smith et al., 1967). Later, Holtzberg et al. (Holtzberg et
al., 1967) found that the silicides and germanides of RsTs compounds are not
isostructural, even though they adopt the same space group symmetry, Pnma and have
similar lattice parameters, which was later confirmed by Iglesias et al. (Iglesias et al.,
1972). Holtzberg et al. found that GdsSis has an orthorhombic structure which orders
ferromagnetically at a Curie temperature, Tc=336 K which is 43 K higher than that of
pure Gd (Holtzberg et al., 1967). The substitution of 50% of Ge for Si in the silicide
structure, produced relatively little change in the structure and the magnetic properties.
Magnetic measurements revealed that the silicides are ferromagnetic with relatively high
ordering temperatures. The germanides are antiferromagnetic, but replacement of a small
amount of Ge by Si in GdsGes produces solid solutions, which are ferromagnetic at low
temperatures and have intermediate transitions to antiferromagnetism before becoming
paramagnetic (Holtzberg et al., 1967).

In 1997, Pecharsky and Gschneidner discovered the giant magnetocaloric effect

in GdsSi>Ge> alloys (*Pecharsky et al., 1997). The magnetization measurements yielded
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a value of -18.5 J/kg K at 276 K, which is two times larger than that of Gd, which shows
a ASwm of -9 J/kg K at 293 K. Heat capacity measurements also confirmed the giant value
of ASm and the adiabatic temperature change, ATad, was also evaluated. The MCE
parameters obtained for GdsSi2Gez is ASuw = -18.5 J/kg K and ATag = 15 K at 276 K for a
field change of H = 50 kOe. Since this discovery, researchers have focussed on the tuning
of transition temperature of Gds(SixGeix)s alloys for room temperature magnetic
refrigeration applications.
2.2.1. Structure and Phase diagram of Gd-Si-Ge series

Gds(SixGe1x)a system contains 36 atoms per unit cell; 20 atoms of Gd and 16
atoms of Si(Ge) distributed among six to nine independent crystallographic sites. The
phase diagram of Gds(SixGe1-x)s System consists of three phase regions with different
crystallographic structures built from essentially equivalent sub-nanometer thick slabs of
the composition RsT4 (here, T= Si(Ge) mixture) composed of distorted cubes and trigonal
prisms, varying in the inter-slab Si(Ge) bonding (*Pecharsky et al., 2002). Gd atoms form
a two-dimensional (3%434) net (represented as blue spheres in the Figure 2.2) occupying
the corners of the cube and trigonal prisms as well as inside the cubes. The T atoms
(represented as green spheres in the Figure 2.2) occupy the trigonal prisms, sharing a
common rectangular face to produce a T-T dimer (intra-slab bond) with, distances in the
range 2.55-2.64 A. These distances are within the range of single-bonded T—T contacts.
The Gd atom at the center of each cube is octahedrally coordinated by T atoms. Each slab
can be considered as a 1:1 condensation of two distinct units: (1) a R atom surrounded by
a cube of eight R atoms and an octahedron of six T atoms, i.e., [(R)sR (T)s]; and (2) a T-
T dimer with each T atom coordinated by a trigonal prism of R atoms and the open
rectangular faces capped by R atoms, i.e., [(R)s T2 (R)4]. The T atoms inside the slab
(represented as green spheres in the Figure 2.2) form partial covalent bonds, while those
on the slab surface (represented as red spheres in the Figure 2.2) play a crucial role in the
inter-slab bonding giving rise to different crystal structures and properties of the alloys
(Choe et al., 2000).
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Figure 2.2. Structure of Gds(SixGe1-x)a Series.

The phase diagram of the Gds(SixGeix)s series is shown in Figure 2.3. For
compositions between 0.5 < x < 1, the alloys have an orthorhombic O (1) GdsSis type
structure with Pnma space group, where all the slabs are interconnected via the partially
covalent Si(Ge)-Si(Ge) bonds. For these x values, the alloys order ferromagnetically on
cooling via a second order phase transition (SOPT) without any change in its crystal
structure. In the intermediate region with 0.24 < x < 0.5, one-half of the inter-slab Si(Ge)-
Si(Ge) bonds are broken, and the room temperature crystal structure of these alloys is
monoclinically distorted and is composed of alternating strongly and weakly interacting
slabs. At low temperatures, these alloys transform to orthorhombic structure and become
FM. When 0 < x < 0.2, the compound stabilizes in the GdsGes type structure, in which
all the inter-slab Si(Ge)-Si(Ge) bonds remain broken, giving rise to a different
orthorhombic O(11) SmsGes structure (space group-Pnma) and the system becomes AFM
near 125 K. On further cooling, the compound undergoes a FOPT from the AFM to FM
state, which is attributed to the crystallographic transition forming the GdsSis-type
structure, where all the slabs are connected to one another (“Pecharsky et al., 1997). Ge
enrichment shifts the transition temperatures to lower values but enhances the MCE
signal. In the shaded region, two phases coexist. Ouyang reported the presence of short
range FM correlations both the AFM and PM states of Gds(SixGe1-x)s with x < 0.5 by the
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low magnetic field dc and ac magnetic susceptibility measurements. The presence of FM
correlations in the PM state was ascribed to the GP like state that develops below Tg,
above Tn or Tc. The evolution of the GP-like state is due to the orthorhombic-M structural
distortion, which leads to disorder and enhances the competing inter-slab and intra-slab
magnetic interactions. The appearance of GP has also been included in the phase diagram
in Figure 2.3. The crystallographic structures of the GdsGes, GdsSi>Ge; and GdsSis are

shown in Figure 2.4.
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Figure 2.3. Phase diagram of Gds(SixGe1-x)s Series.

Choe et al. elucidated the distribution of Si and Ge atoms among the three
crystallographic sites from single crystal diffraction experiments. The inter-slab T atoms
are labeled as T1 (T') and the intra-slab T atoms are labelled as T2 (T), T3 (T) (Choe et al.,
2000). The orthorhombic crystal structure has six non-equivalent atomic positions in the
asymmetric unit: (1) three distinct sites for Gd atoms : with Gdi and Gd. occupying the
32434 nets and Gds within the cube, and (2) three distinct sites for Si or Ge atoms: with
T1 between the slabs forming inter-slab Ti-T: contacts; T» and Tz, within the slabs
forming T»-Ts dimers (Iglesias et al., 1972; Choe et al., 2000). The Wycoff sites for Gd,
Gdy, Gds, T, T2 and Tz are 4c, 8d, 8d, 4c, 4c and 8d respectively. For the monoclinic

structure, each of the eightfold sites of the orthorhombic structure splits into pairs of non-
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equivalent fourfold sites. Hence, there are nine atoms in the asymmetric unit with the Gd;
and Gd: sites each splitting into two pairs, Gdia, Gdis and Gdza, Gdzg respectively. The
T site responsible for inter-slab bonding also splits into a pair of distinct sites, T1a and
T1g (“Pecharsky et al.,1997; Choe et al., 2000). These different crystallographic sites
allow numerous chemical substitutions and exploration of relationships between chemical

composition, structure, and properties.

M Gd;Si,Ge, O(I) GdsSi,

® Gd
@ ® T=Si/Ge

Figure 2.4. Three different crystallographic structures.

A non-statistical mixture of Si and Ge atoms (60% Si and 40% Ge) occupies the
intra-slab T sites. The T atoms occupy the trigonal prisms in these slabs, which share a
common rectangular face to create T dimers (T-T distance is 2.56 A). The Gd atom in
the center of each cube (blue) is surrounded by an octahedral arrangement of four T atoms
(green spheres in Figure 2.2) and two T' atoms (red spheres in Figure 2.2). The inter-slab
T'sites represent a mixture of 40% Si and 60% Ge atoms. Each 32434 slab is connected
to two adjacent slabs by T' - T' bonds (ca. 2.62 A), when viewed along the ¢ direction in
Figure 2.4. In GdsSis, all the Si and Ge atoms are involved in dimers. In GdsSi>Ge;
structure, the inter-slab Si (Ge) atomic sites split into T1a and T1g. One-half of the T1g-
T1g bonds connecting these slabs are broken, their T1g-T1g distance expands by 32.7%
from 2.629(3) A in monoclinic phase at 243 K to 3.488(3) A in orthorhombic phase at
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292 K. The inter-slab bonds in the Ge-rich dimers break while the short T1a-T1a distance
remains at 2.614(3) A (Choe et al., 2003b; Misra et al., 2006). The eightfold T' site is
richer in Ge compared to the fourfold T2 and Ts sites. This indicates that the slab structure
itself prefers the smaller Si atoms inside and larger Ge atoms on the slab surface. Since
Ge and Si are isoelectronic, the atomic positions of the outer layer of the slab are located
in the atomic environment that can accommodate larger atoms more freely. This supports
the notion that the intra-slab environment is more rigid and resists expansion (Mudrayk
etal., 2014).

]_. a M Gd.Si,Ge, O(I) Gd.Si,

Figure 2.5. Transformation from monoclinic structure to orthorhombic structure via shear

movement of the slabs.

The martensitic-like collective shear movement of these slabs via changing
specific Si(Ge)-Si(Ge) bonds gives rise to different crystal structures in this family of
materials. When the monoclinic structure transforms into the O(I) GdsSi4 through massive
shear movements of the slabs along the a-direction, the intra-slab Tig—Tig atoms
reconnect, and the non-equivalent fourfold Tia and Tig positions of the M structure
become the same eightfold T position of the O(l) structure. The transformation from
monoclinic structure to orthorhombic structure via shear movement of the slabs is shown

in the Figure 2.5. Hence, in Gds (SixGe1-x)s System, each intermetallic phase is formed by
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a periodic arrangement of well-defined building blocks of sub-nanometer thickness,
consisting of layers with strongly interacting Gd, Si, and Ge elements. Any change in the
chemical composition affects the interactions between these slabs considerably, thereby
giving rise to a wide range of magnetic and physical properties (°Pecharsky et al., 2002)
Hence, there is a clear correlation between the crystal structure type and magnetic
properties in RsT4 compounds (Morellon et al., 1998; Pecharsky et al., 1997, Pecharsky
et al., 2001; Rao, 2000).

Application of the Zintl-Klemn formalism to these crystal structures reveals that
the electron concentration change depending on the presence of the T-T bonds (Choe et
al., 2000, 2Choe et al., 2003). The formal charges on Gd atoms are assumed to be 3%, and
for isolated T atoms and T2 dimers, the charges are assumed to be 4" and 6, to satisfy
closed shell configurations for Si or Ge, assuming a single bond in each T-T dimer. Then,

the charge-balanced formula of the GdsSis compound can be written as
(Gd*).(T;),(3e") . The three electrons are assigned to the conduction band, because all

Si (T) atoms in this structure form covalently bonded T> dimers each using one electron
for such chemical bonding. When half of these bonds are broken, as in GdsSi.Ge2, the
dimers change into a pair of T* monomers. Hence, GdsSi>Ge; has 1.5 T> dimersand 1 T
monomer/formula unit. Therefore, the charge-balanced formula for GdsSi.Gez is

(Gd*), (T7),(T*)(2e7). GdsGes contains 1 T2 dimer and 2 T monomers/formula unit,

giving (Gd**), (TS )(T*),(1e’) . The decrease in the number of electrons associated with

the conduction band available for metallic bonding brings about changes in electronic
structure and magnetic properties of these alloys (Choe et al., 2000, 2Choe et al., 2003).
The physical properties of the Gds (SixGei-x)s systems are strongly determined by their
uniquely layered crystallographic structure, and the strong interplay between the
structural and magnetic degrees of freedom.

An intrinsic structural feature of the monoclinic phase, not observed in either of
the orthorhombic structures, is the intrinsic presence of the nonmerohedral twinning. The
single crystal X-ray diffraction of GdsSi>Ge2 (Choe et al., 2000) showed a considerable
number of Bragg reflections with non-integer indices, all multiples of 1/9, along the b-
axis. The nonmerohedral twinning in a crystal produces a diffraction pattern in which
only a small fraction of reflections from two macroscopic components are superimposed,

while majority of the reflections remain separate. This is found to be very common in
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compounds with the monoclinic crystal structure (*Choe et al., 2003). The microstructural
investigation of GdsSi-Ge, by Meyers et al. (*Meyers et al., 2002) revealed a twin law,
which transforms one twin component into the other. When the monoclinic phase
transforms to the O(l) phase, for example, via cooling below the transition temperature,
the twinning disappears, but after the system returns to the stable monoclinic phase, the
twinning reappears (Mudrayk et al., 2014).
2.2.2. Magnetism in Gd-Si-Ge series

The crystallographic phase and the nature of the magnetic interactions in Gd-Si-
Ge series are controlled by the number of inter-slab covalent-like T-T bonds connecting
the slabs (Choe et al., 2000; Rao, 2000). The intra-slab interaction is ruled by the
conventional 4f - 4f RKKY indirect exchange, and the inter-slab interactions, are strongly
influenced by an additional R-T-T-R super exchange interaction via the existing T-T
bonds, formed by mainly non-magnetic elements like Si and Ge ( Pecharsky et al., 2001).
In Gds(SixGei-x)s, the ferromagnetic state is always associated with the O(l)-GdsSis
crystal structure, and, therefore, with shorter T-T bonds (Pecharsky et al., 2007;
bPecharsky et al., 2003). The physical phenomena occurring at the magneto-structural
transition region is due to the breaking and formation of bonds in a single pair of the non-
magnetic tetralide atoms. Haskel et al. established the role of the Ge atoms in bridging
ferromagnetic interactions in GdsSi>Ge, and GdsSiosGes s using X-ray magnetic circular
dichroism (XMCD) spectroscopy (Haskel et al., 2007). The induced magnetic
polarization of Ge electrons, caused by the hybridization of Gd 5d and Ge 4p conduction
bands plays the key role in supporting three dimensional ferromagnetism in Gds(SixGe:-
x)4 alloys enabling long-range exchange interactions between Gd 4f moments in adjacent
slabs. Breaking of the Ge (Si)-Ge (Si) inter-slab bonds weakens such interactions and
effectively destroys the long-range ferromagnetic order.
2.2.3. Magnetocaloric effect in Gd-Si-Ge series

The occurrence of GMCE in Gds(SixGei-x)4 is attributed to the coupled magneto-
structural first order phase transition from the high temperature monoclinic PM phase to
the low temperature orthorhombic FM phase that occurs in the vicinity of the magnetic
ordering temperature (Provenzano et al., 2004) This phase transition can be induced
reversibly by changes in temperature (?Pecharsky et al., 1997; "Pecharsky et al., 1997),
hydrostatic pressure (Carvalho et al., 2005; Magen et al., 2005; Zou, 2012) and magnetic
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field (Morellon et al., 1998) as well as by tuning the Si:Ge ratio (“Pecharsky et al., 1997).
The order of a transition is evident from the presence of thermal hysteresis in the
temperature dependent magnetization and heat capacity measurements of the given
material. GdsSi>Ge, shows a sharp first-order peak in its heat capacity data at Tc
(®Pecharsky et al., 1997) and in the Si-rich region, the heat capacity at the transition region
shows a A-shaped anomaly that reflects the second order nature of the transition
(Gschneidner et al., 1999). Inspite of the fact that, Si-rich alloys do not show GMCE, they
still remain interesting candidates due to their high Tc and large magnetization, which
could be easily tuned between 40°C and 45 °C for designing materials potentially suitable
for magnetic hyperthermia, a treatment for tumors (Ahmad et al., 2005, Ahmad et al.,
2009).
2.2.3.1. Effect of impurities on the MCE of Gd-Si-Ge series

The presence of impurities in GdsSioGez has an adverse effect on its MCE
(Gschneidner et al., 1999; Gschneidner et al., 2000; Mozharivskyj et al., 2005).
Commercial grade Gd is 95-98 at. % pure, and it contains considerable amounts of
interstitial impurities such as, N (0.43 at. %), C, (0.43 at. %) and O (1.83 at %). The
presence of C destroys the giant MCE in these alloys and raises the T¢ thereby making
the transition second order (“Pecharsky et al., 1997). Gschneidner et al. developed a
preparation route to reduce carbon content in the alloys made from commercial Gd. It
involves the prolonged melting of Gd in Tantalum (Ta) crucible in vacuum, allowing the
release of C and O in the form of gases like CO and CO. (*Gschneidner et al., 2000).
However, various contaminants and secondary phases like Gd(SixGei-x), Gds(SixGel-X)s,
and TaxSi were observed as a result of the reaction with Ta crucible, during the synthesis
of large batches of GdsSi1.95Ge20s from “commercial grade” Gd ("Meyers et al., 2002).
Thuy et al. and Wu et al. independently observed a GMCE (ASwm = -20 J/kg K) in as-cast
GdsSiGe> prepared using commercial grade Gd metal (Thuy et al., 2002). Alves et al.
obtained a GMCE of 19 J/kg K for a field change of 70 kOe at Tc=274 K in GdsSi,Ge>
alloy prepared from low-purity Gd by using the high-temperature heat treatment of the
cast alloy at 1650°C for 48 hours (*Alves et al. 2004). Hence, high-purity Gd metal is an
essential criterion for obtaining the highest possible MCE. Gama et al. observed only a
second-order transition at 299 K in the as-cast sample of GdsSi.Ge; obtained from the

commercial grade Gd. However, after annealing the sample at 1873° C for 48 hours, two
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transitions were observed, a second-order transition at 299 K, and a first order transition
at 274 K. A GMCE of 18 J/kg K for a field change of 70 kOe in the heat-treated sample
was observed, which meant that a substantial amount of the monoclinic phase has formed
during the heat treatment (Gama et al., 2004). Wu et al. studied the effect of oxygen on
the MCE of a series of GdsSi195Ge2.050x alloys (x=0.05, 0.10, 0.15, 0.40, and 0.50), in
which oxygen was added as Gd»0s. Even the lowest amount of added oxygen (x=0.05)
destroys the GMCE, by stabilizing the orthorhombic phase, and decreasing the amount
of the monoclinic phase that undergoes a FOPT transition. Higher concentrations of
oxygen led to the decomposition of the 5:4 phase into 1:1 (GdSi) and 5:3 (GdsSis3) phases
(*Wu et al., 2005). Carvalho et al. studied the effect of hydrogen on the structural and
magnetic properties of GdsSi1.9Gez 1Hx alloy (0 < x < 2.5) and found that even the smallest
amount of hydrogen (x=0.09) stabilizes the O(l) GdsSis-type crystal structure, thereby
changing the PM to FM transition from first order to second order (Carvalho et al., 2007),
thereby destroying the MCE. The The influence of hydrogen absorption on the Curie
temperature and saturation magnetization of the GdsGe,Si>Hy alloys, with 0.1 <x <2.5
was studied by Alves et al. The saturation magnetization was found to increase with
increase in Hydrogen content, which reveled that large amounts of hydrogen absorbed in
to the unit cell can bring about remarkable changes in the microstructure and magnetic

properties (PAlves et al., 2004).

2.2.3.2. Effect of heat treatment on the MCE of Gd-Si-Ge series

In the as-cast alloy, the Si and Ge atoms are distributed randomly among the
different crystallographic sites. Heat treatment leads to the reordering of the Si and Ge
atoms in their corresponding sites within the monoclinic structure and helps in the
removal of the retained polymorphic orthorhombic phase. This leads to the enrichment of
Ge sites responsible for the inter-slab bonding. These changes produce a considerable
enhancement of both the ASm and ATad. The heat treatment at 1570 K for 1 hour results
in the phase purification and homogenization of arc-melted GdsSi.Ge; prepared from
high-purity components and gives the optimal annealing condition for the formation of
the single-phase monoclinic structure with highest MCE. However, the magnetic ordering
temperature is slightly reduced from 277 K in the as-cast material to 272 K in the

uniformly homogenized and annealed GdsSi>Ge> (*Pecharsky et al., 2003). Hence,
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appropriate heat treatment of the GdsSi-Ge: alloy prepared from high-purity Gd results
in the significant enhancement of -ASm by 80%, from ~20 to 36 J/kg K and ATaq by 55%,
from ~11 to 17 K for a magnetic field change of 50 kOe when compared to the as-cast
material (°Pecharsky et al., 2003). Several studies showed that longer annealing times
even at optimal temperatures are detrimental to the phase purity and magnetocaloric
properties of the GdsSi>Ge> (Belo et al., 2012; ®Pecharsky et al., 2003). Yan et al. reported
the effects of composition and cooling rate on the structure and magnetic entropy change
in GdsSixGesx alloys with x=1.7 and 2. Higher Ge content and higher cooling rate are
favorable for the formation of the monoclinic GdsSi>Ge»-type phase, and thus a higher
ASm can be obtained due to a magnetic field-induced FOPT. This transition is
significantly weakened in higher Si content alloys and slowly cooled samples, leading to
the formation of O(l) phase with GdsSis4 structure and thus a lower ASw is obtained for
Si-rich alloys (Yan et al., 2004).
2.2.3.3. Effect of varying Si:Ge ratio on the MCE of Gd-Si-Ge series

A valuable feature of Gds(SixGe1-x)s alloys is that its Tc can be linearly increased
by Si-doping, as shown in Figure 2.3 (phase diagram). The ordering temperature is
tunable from 20 to 290 K (0 < x < 0.5) by adjusting the Si/Ge ratio without losing the
GMCE (®Pecharsky et al., 1997, PPecharsky et al., 1998). However, this striking feature
disappears when the Si-content is larger than x = 0.5, where a purely, second order
FM(O(1))>PM(O(I)) transition takes place on warming (0.5 < x < 1.0) without a
concomitant structural change (‘Pecharsky et al., 1997, PPecharsky et al., 2003). Si has
smaller atomic size than Ge and its role in occupying the three inequivalent
crystallographic sites (Figure 2.4) is to exert chemical pressure upon the lattice causing a
reduction in unit cell volume. This volume reduction directly enhances both the intra-slab
and inter-slab magnetic interactions, resulting in an increase in the FM ordering

temperature.

2.2.3.4. Effect of rare-earth substitution on the MCE of Gd-Si-Ge series

Alloying GdsSi>Ge> with different elements at the Si (Ge) site, or Gd site can tune
the transition temperature Tc, but this has an adverse effect on the magnitude of MCE
due to a significant change in the nature of magnetic transition from first-order to second-

order. Several studies have been performed on different Rs(SixGe1-x)s series ( R= Pr, Nd,
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Dy, Th and Ho) to understand the correlation between the magnetic and crystallographic
phases (Wang et al., 2007, Magen et al., 2004, ®Nirmala et al., 2007, "Tegus et al., 2002,
Thuy et al., 2002, Pereira et al., 2008). The MCE of NdsSi>Ge2 with monoclinic structure
was investigated by Gschneidner et al. and was found to be 5.6 J/ kgK for 50 kOe at 65K
(*Gschneidner et al., 2000). Deng et al. reported an MCE of 13.79 J/kg K at 232 K and
18.89 J/kg K at 195 K for a field change of 20 kOe in (Gdo.74Tho.26)sSi-Ge2 and
(Gdo.74Tho.26)5(Si0.43Ge057)4 respectively (?Deng et al., 2007) and 25.13 J/kg K at 230 K
in (Gdo.o4Tho.0s)sSi1.72Ge2 .28 (°Deng et al., 2007). Nirmala et al. reported that substituting
heavy rare earth Dy leads to the lowering of the ferromagnetic ordering temperature in
GdsSi>Gez with a loss of FOPT (°Nirmala et al., 2007). Chen et al. investigated the effects
of Er substitution on the magnetocaloric property of GdsSi>Ge, and reported a value of
16.1 J/kg K at 222 K for a field change of 20 kOe in (Gdo.9Ero.1)sSi>Ge> (Chen et al.,
2011).
2.2.3.5. Effect of transition metal substitution on the MCE of Gd-Si-Ge series

It has been reported that the addition of small amounts of 3d elements (Fe, Co, Ni,
or Cu) and p elements (Al, C) (0.33 % at. wt.) for Si and Ge in the GdsSi>Ge; alloy
increase the Curie temperature (Tc) but destroys the first order magnetic phase transition
and the GMCE (“Pecharsky et al., 1997). According to Pecharsky et al., the addition of
small amounts of Ga (0.33 % at. wt.) to GdsSi2Ge: alloy i.e. GdsSi1.985Ge1.985Gao.03, NOt
only preserves the GMCE of 17.6 J/kg K, but also raises the temperature of the FOPT by
10 K, from 276 K to 286 K (‘Pecharsky et al., 1997). However, upon increasing the Ga
content to 0.67 at%, the ASmax shifts to even higher temperatures, but unfortunately it
changes the magnetic behavior of the parent GdsSi>Ge> from first order to second order
with the loss of the GMCE. However, Aksoy et al. observed a reduction in the MCE of
GdsSixxGez-xGaox alloys with Ga substitution for 2x=0.03 and higher, and found that the
stability of the O(l) phase increases with x (Aksoy et al., 2008). A similar result was also
observed by Raj Kumar et al. with Ga doping in GdsSi>(Ge1-xGax)2 alloys with x=0, 0.01,
0.02 and 0.03 (Raj Kumar et al., 2008). The Curie temperatures of these Ga-substituted
alloys correspond to the second-order transition of the O(l) phase (299 K). The
composition with x=0 contained a significant amount of the O(l) phase, and its -ASm was
only 7 J/kg K. SEM measurements revealed the presence of both 5:3 GdsSis and 1:1 GdSi
minor phases in these Ga-doped alloys. Palacios et al. studied the magnetocaloric
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properties of GdsSioGe19Gao: sample by means of heat capacity and direct
magnetocaloric measurements and obtained a -ASw of 6.93 J/kg K and ATa of 8 K
(Palacios et al., 2010).

Zhang et al. reported a considerable reduction in thermal hysteresis with the
addition of transition elements such as Fe, Co, Mn, and Ni due to the formation of the
GdsSis structure (Zhang et al., 2007). The reduction in hysteresis losses with the
substitution of Fe was reported by Provenzano et al. (Provenzano et al., 2004). Lewis et
al. compared the magnetic entropy change of GdsSi1sGe2s and of the same specimen
coated with 100 nm layer of Fe and Al and found an enhancement in MCE, as a result of
Fe coating (Lewis et al., 2004). Shull et al. found that the addition of Cu, Co, Ga, Mn,
and Al (0.1% at. wt.) at the Ge site completely eliminated the hysteresis loss, broadened
the magnetic entropy change and shifted its peak position from 275 K to 305 K. However,
doping the same amount of either Sn or Bi had a negligible effect on the magnetocaloric
properties (Shull et al., 2006). Podmiljsak et al. observed that the substitution of Fe at the
Si site does not suppress the structural transition in GdsSiz.xFexGe> alloys, but promotes
the formation of the 5:3 phase (*Podmiljsak et al., 2009; "Podmiljsak et al., 2009;
‘Podmiljsak et al., 2009). Iron was mainly found to segregate into the grain-boundary
phases, and the main effect of its substitution was to the change the Si/Ge ratio in the 5:4
matrix. This holds true for other transition metal substitutions, i.e. when the GdsSi>Ge:-
based matrix becomes Si-rich, then the orthorhombic O(l) structure forms, in agreement
with the Gds(SixGe1-x)s phase diagram described in Figure 2.3, However, the matrix
becomes enriched in Ge, the monoclinic structure remains stable. In another work, they
found that the substitution of Fe at the Si site result in the decrease of Tc and MCE while
Fe substitution at the Ge site would result in an increase of T¢ but with a reduced MCE
(°Podmiljsak et al., 2009). The reduction in magnetic entropy change with Fe substitution
in GdsSi>Gezand GdsSixGes g-xFeo 1 alloys was reported by Raj Kumar et al. (Raj Kumar
et al., 2009, Raj Kumar et al., 2010) which was attributed to the stabilization of the O(I)
GdsSig structure. Yucel et al. studied the effect of Mn doping on the phase composition
and magnetic properties of GdsSiz-xGe2xMnzx alloys with x=0.01, 0.025, 0.04, 0.05, 0.07,
and 0.10, where a second-order PM to FM transition was observed in the as-cast alloys
with no GMCE (Yucel et al., 2006). The partial substitution of Nb in GdsSi2-xGe2.xNbax
alloys (2x=0, 0.05, 0.1, 0.15, 0.2) annealed at 1200°C for 1 hour was investigated by
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Prabahar et al. Nb substitution increased the Curie temperature and MCE signal
as x increased to 0.05 (Tc~ 295 K and ASm = -9.6 J/ kg K for a field change of 20 kOe,
~50% enhancement over the Nb-free alloy). However, Nb addition results in the
formation of Nbs(Si,Ge)s and a-Nb phases (Prabahar et al., 2010). Li et al. reported the
enhancement of MCE in GdsSi1.95Ge2.05 by Sn doping. Among the five GdsSi1.95.xGe2.05-
xSnax samples (2x =0, 0.01, 0.03, 0.05, 0.10), the sample with 2x=0.03 showed the largest
MCE, ASm =-28.9 J/kg K for a field change of 20 kOe (Li et al., 2006). Zhang et al.
investigated the effect of Sn doping on the phase formation of GdsSiz>-xGe2xShax alloys
(x=0.25), and found that Sn addition enhances the stability of the monoclinic phase in
alloys made from the commercial grade Gd (Zhang et al., 2008). Aghababyan et
al.prepared a series of GdsSi>xGe2xSn2x samples (2x=0, 0.01, 0.03, 0.05, 0.10) and
measured the temperature dependence of their dynamic magnetic susceptibility. They
observed that the magnetic ordering temperatures of Sn-doped alloys vary from 275 to
278 K, which is 15 K higher than the Tc of their un-doped GdsSiGe; (262 K)
(Aghababyan et al., 2009) The MCE in a series of GdsSi2.xGe2xPbax alloys with 2x=0,
0.01, 0.03, 0.05 and 0.10 was investigated by Zhuang et al. and a large MCE of -27.5 J/kg
K for AH=20 kOe was observed at 274 K for GdsSi1.975Ge1.975Pbo.os (Zhuang et al., 2006).
Franco et al. performed the scaling analysis of the magnetocaloric effect in
GdsSioGe1.9Xo.1 alloys (X=Al, Cu, Ga, Mn, Fe, Co)( Franco et al., 2010). In Al, Cu, Ga,
and Mn doped alloys, the FOPT is fully suppressed, and the universal curve can be
constructed using a single reference temperature. Moreover, the magnetic energy curves
for all compositions undergoing second-order transition fit onto the same universal curve
constructed using the phenomenological scaling model (Franco et al., 2006). In the Fe-
doped sample, the first-order character almost disappeared, but the presence of a weak
hysteresis made the scaling procedure more complicated, as two reference temperatures
are needed. In the Co-doped alloy, there is a significant thermal hysteresis, which makes

the scaling results inconclusive.

Prabahar et al. investigated the effect of doping Zr on a series of Gds.xZrxSi>Ge;
alloys with x=0, 0.05, 0.1, 0.15, and 0.2. The Zr substitution results in the formation of
the orthorhombic O(l) phase in all the Zr-containing samples and hence, ASw decreased
from -7.8 to -5.5 J/kg K for AH = 20 kOe, when x increased from 0 to 0.05, and the Curie
temperature increased to 295 K for x=0.05 alloy compared to the pure GdsSi.Ge, (278
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K)( Prabahar et al., 2011). Zhong et al. reported the magnetocaloric properties of
GdsSi2.05-xGerosxNi2x (2x = 0.08, 0.1) and found that the compounds crystallized in a
combination of monoclinic GdsSi>Ge,-type phase, O(l) GdsSis-type phase, and a small
amount of hexagonal GdsSis-type phase. GdsSi2.01Ge1.91Nio0s alloy undergoes a SOPT
around 300 K, whereas GdsSi>Gei1.9Nio.1 exhibits two transitions including a FOPT at 295
Kand SOPT at 301 K. The maximum ASm of GdsSi2.05-xGe1.95-xNi2x alloys with 2x=0.08
and 0.1 are -4.4 and -5.0 J/kg K, respectively, for a field change of 20 kOe, and 8.0 and
9.1 J/kg K, respectively, for a field change of 50 kOe (Zhong et al., 2013). A large ASwm
of 20 J/kg K were obtained in as-cast samples of GdsGe2Si>xSnx (x = 0, 0.10, 0.20, 0.40,
1.00, 1.50) for a magnetic field variation of 20 kOe. First-order-magneto-structural phase
transition is induced by the substitution of Si by Sn, and the Curie temperature shifted to

lower temperatures with increase in Sn content (Carvalho et al., 2013).
2.3. Introduction to Manganites

Perovskites are a large family of crystalline ceramics, which derive their name
from a specific mineral CaTiOz, discovered by German chemist and mineralogist Gustav
Rose in 1839, and named it in honor of the Russian dignitary Lev Alexeievich Perovsky
(Navrotsky et al., 1989). In their ideal form, perovskites are described by the generalized
formula ABXs. A,and B are metallic cations, and X represents non-metallic anions. The
perovskite family of oxides (ABQ3) is probably the best-studied family of oxides. Interest
over compounds belonging to this family of crystal structure is rooted in the fact that they
show a wide variety of properties and their flexibility to accommodate almost all the
elements in the periodic table. Manganites with general formula Lni xAxMnOs (Ln = Rare
earth element and A = divalent alkaline-earth ions such as Ca, Sr, Ba, etc. or tetravalent
ions such as Te, Ce, Hf, Sn, etc.), have attracted considerable attention owing to their
peculiar magnetic properties and their promise for future technological applications such
as colossal magnetoresistance (CMR), devices for information storage and magnetic
sensors, magnetic refrigeration (MR), spintronics, etc. (Yang et al., 2007). These
compounds are used as sensors and catalyst electrodes in certain types of fuel cells and
are suitable candidates for memory devices and spintronic applications. (Tokura et al.,
1999; Tokura, 2000; ®Phan et al., 2007; PPhan et al., 2007). The parent compound
LaMnOs is a charge-transfer insulator with trivalent manganese arranged in different

layers coupled among themselves antiferromagnetically through super exchange
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mechanism. But within a layer, these Mn** ions are coupled ferromagnetically (Zanen et
al., 1985; Mandal et al., 1997). Manganites crystallize in an ABO3 type structure as shown
in Figure 2.6. The A atoms occupy the corners of the cube, and the B atoms which occupy
the center of the cube are octahedrally coordinated to six oxygen (O) ions. The A site is
usually occupied by rare-earth or alkaline-earth divalent ions while B site is usually

occupied by manganese (Mn). The electronic configuration of manganese is Ar 3d°4s®.

In an octahedral environment, the electrostatic interaction between Mn and O leads to the

splitting of the five degenerate d orbitals of Mn into two sets, a lower energy t,  state
and a higher energy e, state. The crystal field splitting between the t,, and e, states is

about 1 eV (Tokura, 2000). The doping of LaMnO3 with divalent or tetravalent ions drives
the manganese ions into a mixed valence state. The introduction of divalent ions like Sr?*,
Ca2" into the manganite system drives the manganese ions into a mixed valence state of
Mn3* (t2g® egt) and Mn** (t26%) (Goodenough, 2003; Coey et al., 2009). But if the rare-
earth ion is partially replaced by some tetravalent ions like Te**, Ce**, etc., the manganese
ion exists in Mn?* (tz¢® e4%) and Mn®* states. The introduction of the tetravalent ion drives
Mn3*ions of LaMnQOs into Mn?* ions, which is equivalent to introducing an electron into
the eg band. CMR behavior occurs in these compounds due to the mixed-valence state of
Mn?* /Mn%*. In hole-doped manganites, Mn exists as Mn®*/Mn** ions depending up on

the amount of divalent ions. The spin only moments of Mn** and Mn** are 4.9 4, and

3.88 u, respectively.

/

A
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/

Figure 2.6. Structure of manganite.

Page | 47



Introduction to Gd-Si-Ge series and Lanthanum Tellurium Manganites

It is well established that the manganites are flexible with distortion of MnQOs
octahedra. The factors which leads to the distortion of the prototypical cubic
structure to a lower symmetry structure include Jahn—Teller effects, average radius
of A site cation (<ra>), size variance (c?(ra)), thermal fluctuations, external strain
etc. Goldschmidt has shown that the perovskite structure is stable within the
tolerable limits of cations sizes (Goldschmidt, 1926) and he defined tolerance factor t as,

P 2.1)
V2(r+ 1,)
where, ra , rs and ro are the radii of A, B and O ions which are summarized in the
literature (Shannon, 1976). Tolerance factor, t=1 corresponds to an ideal cubic structure,
while the value away from 1 suggests a high degree of internal strain due to size
mismatch, which leads to a distorted perovskite structure. As ‘ra’ decreases, the lattice
structure transforms to rhombohedral (0.96 < t < 1) and then to the orthorhombic

structure (t < 0.96), in which Mn—O—Mn bond angle is bent and deviates from 180°.

The MnOe tilting angle oa=180°-<Mn-O-Mn> decreases with decrease in ‘t’. The bond

length mismatch created by t < 1 is accommodated by co-operative rotation of
MnQOg octahedra, which is accompanied by a corresponding shift of the A cations.

The presence of two or more A-site cations of different radius also leads to
disorder and can modify the properties of the perovskites. The A—site disorder can

be defined by a term called size variance. The size variance is defined as,

o’ (1)=3 x5 (1, )’ (22)

where ‘xi” and ‘ri’ are the atomic fraction and ionic radii of i-type ions at A-site
respectively. ‘ra’ is the ionic radii of A cation. 6%(ra) is a measure of the consequent
perturbation of the periodic potential of the MOs; array (Goodenough, 1955;
Goodenough, 2003).
2.3.1. Hole doping and electron doping in manganites

The substitution of divalent ions at the A site has been the subject of intensive
research over the years. The research on electon doped manganites started with the work
of Mandal and Das (Mandal et al., 1997). Since then, considerable research has
emphasised on electron-doped compounds such as La;—xBxMnOs where B= Te, Ce, Hf,

Sbh, Zr, etc. Both electron-doping and hole-doping in ferromagnetic (FM) manganites
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opens up interesting applications in the emerging field of spintronics. The introduction of
divalent ions like Sr?*, Ca?* into the A site drives the manganese ions into a mixed valence
state of Mn®* (tz® egt) and Mn** (t2g®) (Goodenough, 2003; Coey et al., 2009). This is
equivalent to introducing a hole in the system and hence, the name hole doped
manganites. But if the rare-earth ion is partially replaced by some tetravalent ions like
Te**, Ce**, etc., the manganese ion exists in Mn?" (tzg® e5%) and Mn®* states. The
introduction of the tetravalent ion drives Mn®" ions into Mn?* ions, which is equivalent to
introducing an electron into the eg band, hence the name electron doped manganites. CMR

behavior occurs in these compounds due to the mixed-valence state of Mn?* /Mn®*.
2.3.2. Magnetocaloric effect in Lai-xTexMnOs

The compound LaixTexMnOs (x = 0.04, 0.1), in which the La ions are replaced
by the non-metal element Te in the chalcogenide series, has a rhombohedral lattice with
the space group of R-3c, and Te ions are in the tetravalent state. Tan et al. investigated
the electrical and magnetic properties of LaixTexMnOz with x=0.1 and 0.15. The
compounds showed a Curie temperature (Tc) of 240 K and 255 K for x=0.1 and 0.15,
respectively. The maximum magnetoresistance was about 51% in Lag.oTeo.1MnO3z and 47
% in Lao.ssTeo.1sMnO3z at 200 K in an applied magnetic field of 40 kOe (*Tan et al., 2003).
They also reported the magnetic and electrical properties LaixTexMnOs in the
composition range x=0.04, 0.1, 0.15, and 0.2. A magnetoresistance of about 63% was
observed for x=0.04 in an applied magnetic field of 40 kOe. ESR studies indicated that
the compound was in the paramagnetic phase above 230 K, and in single ferromagnetic
state below 170 K. In the temperature range, 230 K to 170 K, the compound showed phase
separation (°Tan et al., 2003). Guo et al. explained the spin glass behavior in electron-
doped Lai-xTexMnOs thin films epitaxially grown on MgO substrates and attributed this
behavior to magnetic interactions arising due to spin phonon coupling (Guo et al., 2004).
Yang et al. studied the effect of grain size on the structural, magnetic and transport
properties of electron-doped LaogTeo:MnOs manganite. They found that both
magnetization and Tc¢ decreased with increasing grain size, which was ascribed to the
increase in the Mn—O bond length. They found that both the intrinsic CMR and the
extrinsic interfacial magnetoresistance can be effectively tuned in LaogTeo1MnOs by

varying the grain size (*Yang et al., 2004). The effect of Pr-doping on the structural,
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magnetic and transport properties of Lao.oxPrxTeo.1MnOs (0 < x < 0.9) was investigated
by Yang et al. With Pr doping, Curie temperature of the samples decreased (°Yang et al.,
2004). A magnetic phase diagram of LaixTexMnOs (0.1 < x < 0.6) compounds as a
function of temperature and the doping level x was also established by Yang et al. (Yang
et al., 2005). Gebhardt et al. investigated the magnetic and transport properties of Ce
doping in R1xAxMnOz3 (R=La, Ce, and A=Sr, Ce). They found that the increase in Ce
concentration resulted in the increase of Tc from 225 K to 236 K, and an increase in the
electrical resistivity. A maximum magnetoresistance ratio of 40% was observed in Ce.
xSrxMnQOs, which becomes insulating below its Curie temperature of 43 K and 53% was
observed for LaixCexMnOs (Gebhardt et al., 1999). Raychaudri et al. reported the
electronic, transport, and magnetic properties of La;xCexMnOs and suggested that this
material could find profound application in spintronics (Raychaudri et al., 2003). The
magnetotransport characteristics of a trilayer ferromagnetic tunnel junction built of an
electron doped manganite - Lao.7Ceo3MnOsz and a hole doped manganite -Lao.7Cao.3sMn0O3
suggested that Lao.7Ceo3sMnOs is a minority spin carrier ferromagnet with a high degree
of spin polarization, i.e., a transport half-metal (Mitra et al., 2003). The effect of Cu-
doping at Mn-site in Lao.ss Teo.1sMn1—~CuxOz (0 < X < 0.20) was investigated by Yang et
al. Cu doping decreases the Curie temperature and the transition becomes broader with
increasing Cu-doping. The insulator-metal (I1-M) transition shifts to lower temperatures
with increasing Cu-doping content and disappears as x increase to 0.1 (“Yang et al., 2004).
Tan et al. observed spin glass behaviour in La;xTexMnOs with x = 0.04 and 0.1, at the
low magnetic fields, at the freezing temperature of 200 K under the applied field of 0.01
T (“Tan et al. , 2003). The effects of Cr doping in Lao.gTeo.1MnOs has been investigated
by Zheng et al. They observed that Cr doping decreases the Curie temperature and the
magnetization due to the destruction of DE interaction (Zheng et al., 2007). Mahato et al.
prepared nanocrystalline Lao7TeosMnOs and observed the co-existence of giant
magnetoresistance and large MCE near room temperature. A large magnetic entropy
change of -12.5 J/kg K was observed at 280 K for a field change of 50 kOe. A giant
magnetoresistance of 52% was also observed in 50 kOe (Mahato et al., 2010). The effect
of grain size on the MCE of nanocrystalline Lao.sTeo.2MnO3z was examined by Mahato et
al. and found that MCE decreases with decrease in grain size. The maximum entropy

change of 3.2 J/kg K, 3 J/kg K and 2 J/kg K was observed for samples with particle size
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55 nm, 40 nm and 25 nm for a field change of 20 kOe at 278 K, 270 K and 260 K
respectively (Mahato et al., 2011). Meenakshi et al. reported the effect of Fe substitution
in nanocrystalline Lao.7 Teo.3sMn1.xFexOs for x=0.1 and 0.3 and found a -ASwm of 1.17 J/kg
K for x=0.1 and 0.44 J/ kg K for x=0.3 for a field change of 20 kOe at 171 k and 78 K
respectively (Meenakshi et al., 2017).

2.4. Motivation for the present study

During the literature survey on various magnetic materials, it has been realized
that Gd-Si-Ge series of alloys undergoing first order transition give many interesting
functional as well as fundamental properties. The GMCE in Gds(SixGe1-x)4 series is
attributed to the coupled magneto-structural transition from the high temperature
monoclinic PM phase to the low temperature orthorhombic FM phase that occurs in the
vicinity of the magnetic ordering temperature. Due to the magneto-structural transition,
these alloys show various multifunctional properties like GMCE and giant
magnetoresistance. The search for materials with GMCE near room temperature has
motivated us to carry on further research on these alloys to identify optimum
compositions, which can act as potential magnetic refrigerants that could replace the
currently persisting HFC’s used in refrigerator and air conditioners. In addition, we
wanted to acquire the capability of tuning the Curie temperature and entropy change in
these materials by adjusting the composition. In this regard, we chose Gd-Si-Ge series
and an electron doped managanite for our present study. In Gd-Si-Ge series, two
compositions were chosen, namely GdsSi>Gez and GdsSi1.7Ge23. The stabilization of the
monoclinic phase is the essential criterion for inducing a FOPT in Gd-Si-Ge alloys, which
gives rise to GMCE. In GdsSi>Ge; alloy, the monoclinic phase is metastable while in
GdsSi17Ge23, the monoclinic phase remains a stable phase. Hence, we prepared
GdsSi>Gez alloys with Nd, Co and Fe substitution. The effect of Co and Fe substitution
on the MCE properties of GdsSi1.7Gez 3 alloys has been investigated. The observation of
a large -ASwm of 12.5 J/kg K at 280 K in nanocrystalline Lao.7Teo3sMnOs by Mahato et al.
motivated us to study the effect of transition elements on the MCE of Lag7Teo3sMnOa. In
this attempt, we studied the effects of Co doping in electron doped Lao.7Teo3sMnO3

manganite is also investigated.
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The main objectives of the present study include:

e Synthesis of the Gd-Si-Ge alloy series; (i) Gds.xNdxSi-Ge> (x=0, 0.05, 0.1 and
0.2), (i) GdsSi2xCoxGez (x=0, 0.1, 0.2 and 0.4), (iii) GdsSi1.7Gez.3.x Cox (x=0, 0.1,
0.2, 0.3 and 0.4) and (iv) GdsSi17Ge23x Fex (x=0, 0.1, 0.2, 0.3 and 0.4)
compositions.

e Synthesis of the Lao.7Teo3sMn1xCoxO3 with x=0, 0.1, 0.12, 0.2, 0.3 and 0.5.

e Crystal structure characterization using X-ray diffraction (XRD) and Reitveld
refinement and further confirmation of the structure using HRTEM studies.

e Microstructure and composition analysis using SEM and EDS.

e [nvestigation of thermomagnetic behavior, magnetocaloric effect, relative cooling
power and Universal analysis.

e Make magnetic refrigerant compositions with Tc near 300 K and maximum ASm
for a known field change.
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Chapter 3

Synthesis and Characterization Techniques

This chapter describes the synthesis techniques adopted for
the preparation of Gd-Si-Ge alloys and Lanthanum Tellurium
Manganites. The different characterization techniques used in

the present study are also explained in detail.



Synthesis and characterization techniques

3.1. Introduction

This chapter summarizes the preparation routes adopted for the synthesis of two
classes of magnetocaloric materials namely the Gds(SixGe1-x)4 series and the Lanthanum
Tellurium manganites. The various experimental techniques used for their structural and

magnetic characterization are also discussed.

3.1.1. Preparation of Gds(SixGe1-x)4 series

The Gds(SixGe1-x)s compounds used in the present study were prepared by arc
melting under an inert argon gas atmosphere. In the arc-melting setup, an electric arc is
used to melt the constituent elements for making the alloy. The arc-melting unit consists
of a copper hearth with cups of one electrical polarity and electrodes of opposite polarity.
The elements to be melted are placed in a cup of the hearth, and electrodes are used to
strike the arc for melting the material. Temperatures above 3500°C can be achieved in
the furnace, which is sufficient to melt the pure metals constituting the alloy. This hearth
consists of an upper and lower water-cooled sections separated by a pyrex observation
tube. There are three copper stinger rods penetrating the top section, which carry tungsten
electrodes. Each copper rod is mounted on a swivel ball to allow angular as well as
vertical movement of the electrode. The bottom section has a tapered opening, which
accepts a variety of copper hearths. A mechanical pump is also attached to the melting
chamber for evacuation before inert gas backfilling.

In the present work, we have used Centorr Vacuum 5TA tri-arc furnace to prepare
Gds(SixGe1-x)s alloys. In this method, high purity metals were stoichiometrically weighed,
and kept in one cup of the copper hearth along with a small piece of titanium in the other
cup. The hearth is inserted into the tapered hole at the bottom of the furnace and clamped
into position. The furnace chamber is maintained at a high vacuum of 102 torr and then
flushed with argon gas. This procedure is repeated several times to ensure that there are
no trapped air molecules inside the chamber. When the thoriated tungsten cathode is
brought close to the copper hearth anode, the ionized argon gas in the chamber leads to
an arc, which produces temperatures high enough to melt the elements under an argon
atmosphere. The temperature of the arc can be controlled by varying the current between
the two electrodes. The melting is carried out under a continuous supply of argon, and
chilled water is circulated in the upper and lower sections to carry away the heat generated

during melting. For the present work, the current was varied up to 50 A. Initially, a piece
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of titanium is melted by striking the arc to remove any possible oxygen impurity in the
melting chamber. Then, the arc is struck on the material to be melted under the continuous
flow of argon. The stingers are moved around and over the material to obtain a uniform
and homogeneous melt. The samples are turned over and remelted several times to
achieve chemical homogeneity. Then the arc is turned off by gradually decreasing the
current to zero. After melting, it is ensured that the weight loss of the samples is less than
0.01%. The ingots are then vacuum-sealed in quartz tubes and annealed at 1300 °C for 1

hour. Figure 3.1 gives the schematic representation of the synthesis route adopted for the

Gd-Si-Ge samples.

Weighing high Melting Vacuum Sealing Heat treatment

\puri'ry elements in quartz tubes and quenching/

Figure 3.1. Schematic representation of the preparation methods used for Gd-Si-Ge

samples.

3.1.2. Preparation of Lanthanum Tellurium Manganites

Numerous synthesis techniques have been adopted for the preparation of
manganites like solid-state reaction route, sol-gel synthesis, hydrothermal, citrate
decomposition route, etc. (Arai, 1996). The synthesis condition can tailor the material
properties through gently or completely changing its microscopic structures. A careful
selection of the preparation technique is required to prepare powders consisting of
particles with specific properties to yield the bulk component. The most common method
of preparing bulk powders is the solid-state reaction route, as it is the simplest, easiest

and cost effective method to synthesize complex oxide materials (Nanni et al., 1999).

In the present study, we have employed the conventional solid-state synthesis
route for the preparation of Lanthanum Tellurium manganites (LTMO). Solid state
reaction route involves four steps (a) intimate mixing of the stoichiometric oxides (b) high

temperature firing/calcination (c) intermediate grinding and (d) sintering. The initial step
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Is to weigh the different oxides or carbonates according to the required stoichiometry.
The raw materials are then mixed thoroughly using an agate mortar and pestle for 2 hours
using a suitable medium such as deionised water, ethanol or acetone. In the present work,
deionised water was used as the solvent. Mixing increases the point of contacts between
the reactant particles. This, in turn act as product layer formation centres (Onoda et al.,
1978). During the mixing process, agglomerates are broken and defects are introduced
into the grains that enhance the diffusion mechanism. After thoroughly mixing, the
sample is then dried to get the precursor powder. Calcination is an intermediate heat
treatment process at a lower temperature prior to sintering, involving the chemical
decomposition reactions. During the calcining process, the unwanted volatiles such as
H>0, CO., etc. are removed. The calcination conditions such as temperature, duration of
heating and atmospheric conditions are important factors that control the phase formation.
Intermediate grinding helps to homogenise the compositional variations that may arise
during calcination. Finally, the calcined powder is compacted to the desired shape and
sintered at elevated temperatures. Sintering is the thermal treatment process involving the
heating of “green” compact pellets to a high temperature below the melting point of the
main constituent for increasing its grain size and strength by bonding together the
particles. The driving force behind the sintering process is the reduction in the surface
energy of the powder compacts by decreasing their vapour-solid interfaces. During the
sintering process, the pores present in the “green compact,” diminish or even close up due
to grain boundary diffusion and grain growth resulting in densification and improvement

in the overall physical and mechanical properties (Kang, 2004).

L —

A
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Weighing high 6rinding and Calcination Sintering

Qrify elements Mixing /

Figure 3.2. Schematic representation of the preparation methods used for LTMO.
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In the present study, polycrystalline samples of Lao.7TeosMn;—xCoxO3 (x=0, 0.1,
0.2, 0.25, 0.3 and 0.5) were synthesized by solid state reaction route in air. Stoichiometric
amounts of La>Os3 (Sigma-Aldrich, 99.99%), TeO. (Sigma-Aldrich, 99.99+%), MnO-
(Sigma-Aldrich, 99.99+%), and Co304 (Sigma-Aldrich, 99.99+%) were mixed well and
calcined at 700°C for 24 hours followed by 1050°C for 12 hours with intermediate
grindings. Prior to mixing, La2Os powder was preheated at 1000°C for 10 hours to remove
residual carbonates. The powders thus obtained were ground, pelletized, and sintered at
1050°C for 12 hours with two intermediate grindings for homogenization to get the phase
pure material. The density of the LTMO pellets were determined using an Archimedes
setup and found to be above 92% for all the samples. Figure 3.2 gives a schematic

representation of the preparation route adopted for the synthesis of LTMO.
3.2 Characterization techniques used in the present study

Experimental techniques form an integral part of any research. A good
understanding of the techniques employed is highly essential for the right interpretation
of results. Both preparative, as well as analytical techniques, are equally important.
Hence, this chapter discusses the various characterization technigues that have been used
for the present investigation. Structural characterization of the samples for identification
of different phases, determination of the crystal structure, calculation of the crystal lattice
parameters, etc. was carried out using the Powder X-Ray Diffraction (XRD) technique.
Microstructural characterization techniques used in the present study include Scanning
Electron Microscopy (SEM) to examine the homogeneity, Energy Dispersive
Spectroscopy (EDS) for compositional analysis and Transmission Electron Microscopy
(TEM) for high-resolution lattice images. Differential Scanning Calorimetry (DSC) was
employed in Gds(SixGei1-x)s series to understand the nature of transition. The samples
were subjected to magnetic characterization using physical property measurement system
(PPMS).

3.2.1. Powder X-Ray Diffraction

X-Ray Diffraction (XRD) is a versatile and non-destructive technique extensively
used for the structural determination, phase identification and estimation of unit cell
dimensions of a crystalline material. In 1912, Max von Laue discovered that crystals act

as 3D diffraction gratings for X-ray wavelengths because their wavelength A is typically

Page | 57



Synthesis and characterization techniques

of the same order of magnitude (1-100 A) as the interplanar spacing d between the planes
in the crystal (Bish, 1989; Cullity, 2001). In 1919, Hull pointed out in his paper entitled
“A New Method of Chemical Analysis” that, “every crystalline substance gives a pattern;
the same substance always gives the same pattern, and in a mixture of substances each
produces its pattern independently of the others” (Hull, 1919). Thus, powder diffraction
method is preferably suited for characterization and identification of polycrystalline
phases. Each crystalline material has its own unique X-ray diffraction pattern, which is a
“fingerprint” of its identification. By analyzing the XRD data, we can identify the
different phases present in the sample and estimate the phase assemblage quantitatively.
A crystal can be considered as a regular three-dimensional periodical arrangement of
atoms in space. For any crystal, planes exist in a number of different orientations each
with its own d spacing. When a beam of electromagnetic radiation is incident on a crystal,
then the atoms in the path of the beam scatter the X -rays simultaneously. In certain
specific directions, the scattered X-rays are in-phase and they interfere constructively.
The intensities of the diffracted waves depend on the kind and arrangement of atoms in
the crystal structure. W.L. Bragg developed an equation for diffraction by treating this
diffraction mathematically as reflection from the diffracting planes and any crystal can
be considered as a set of equidistant parallel planes that pass through all the atoms in the
crystal, called "Bragg" planes. For obtaining a sharp peak in the intensity of scattered
radiation, the X-rays should be specularly reflected, i.e. the angle of incidence should be
equal to the angle of reflection and the reflected rays from successive planes should
interfere constructively. Figure 3.3 gives a schematic representation of X-ray diffracting
from crystal planes. The path difference between the rays is 2dsinf. For constructive
interference, this path difference must be equal to an integral number of wavelengths,
giving the Bragg criterion.

2dsin®=n2 (3.1)

where n is an integer. This equation is called Bragg’s equation. In polycrystalline powder,
small crystallites of all possible orientations are assumed to be present. The schematic

representation of Bragg’s Law is depicted in Figure 3.3.
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Figure 3.3. Bragg’s representation of X-ray radiation diffracting from crystal planes.

Even though the Bragg’s law is satisfied, sometimes the diffracted lines from
some planes may not appear in XRD patterns. This is because the intensities of such lines
become zero due the destructive interference of X-rays scattered by different atoms
present in the unit cell. Hence, the unit cell determines the XRD line position and the
atom position, and scattering factor determines the line intensities. Intensities of
diffracted lines (ignoring temperature and absorption factors) are obtained using the

equation,

1+c0s26
I =|Ffp| == 3.2
| | p(sin26 COS@J (32)

<

where ‘I’ is the relative integrated intensity, ‘F’ is the structure factor, ‘p’ is the
multiplicity factor and ‘0’ 1s the Bragg angle. The structure factor is the ratio between the
amplitude of the waves scattered by all atoms in the unit cell to the amplitude of the wave
scattered by one electron. For a diffracted line to occur, it is necessary to have the angular
position of the line satisfying the Bragg equation and must have a non-zero structure

factor. The structure factor can be calculated using the equation,
N 2mi(hu, +kv, +lw,)
T n n n
Fa = %fne (3.3)

where “fy’ is the atomic scattering factor of the n'™ atom and h, k and | are the

Miller indices of (hkl) planes and u, v and w are the coordinates of the atoms. The
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multiplicity factor accounts for the diffracted intensities of lines from lattice planes

having different Miller indices but same interplanar spacing.

X-ray diffractometer consists of an X-ray source, a sample holder, and a detector.
The source is a cathode ray tube (X-ray tube) which is capable of producing a beam of
monochromatic X-rays. A current is applied to the heating filament within the tube
thereby emitting electrons and a high voltage, typically 15-60 kilovolts. This high voltage
accelerates the electrons, which then hit the target and produces X-rays. The wavelength
of these X-rays produced is characteristic of the target used. These X-rays are collimated
and directed onto the sample placed inside the sample holder. The detector detects the
diffracted X-ray signal. The signal is then processed either electronically or by a
microprocessor, converting the signal to a count rate. A schematic representation of the
basic components of a typical X-ray diffractometer is shown in Figure 3.4.

e

/(a) W e e T (b)

X-ray
detector

-~ -
it T g

Figure 3.4. Schematic representation of X-ray diffractometer

In the present study, powder XRD analysis of the samples was conducted by an
automated X-ray diffractometer (PANalytical X’pert Pro Diffractometer). It consists of
an X-ray source (Cu Ka radiation, A = 1.54060 A) on the incident beam side and a
monochromator and a proprietary detector, X’celerator at the diffracted beam side. This
instrument has 6-0 Bragg-Brentano geometry (both the source and detector make an angle
0 with the sample surface) with the fully automated operation and data acquisition. The
scans were performed under a tube voltage of 40 kV and current of 30 mA, and the

scanning angle (20) ranged from 20° to 80° with a step size of 0.0167°. To obtain accurate
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results, the samples were thoroughly grounded into fine powders, filled inside a standard
sample holder, and the XRD data was recorded at ambient conditions. In the case of less
amount of powder, a zero background holder was used. To avoid excessive exposure of
X-ray beam to the sample area, programmable slits were used in the incident beam side.
From the XRD data obtained, the Rietveld refinement was performed using GSAS-
EXPGUI software. Low temperature powder X-ray diffraction measurements were done
on an Oxford Cryosystems closed cycle helium cryostat (Model: PheniX) mounted on a
vertical goniometer in a PANalytical Empyrean powder X-ray diffractometer with
CuKy, and CuK,, radiations for 1 hour in the 20 range 5° to 80° with a step size of

0.017°.

3.2.2. Rietveld refinement for structural analysis

Rietveld refinement is a unique technique designed by Hugo Rietveld for
exploiting the detailed crystal structure from XRD and neutron diffraction data (Rietveld,
1969). The XRD and neutron diffraction data of powder samples result in a pattern
characterized by reflections (intensity peaks) at certain positions. The height, width, and
position of these reflections can be used to determine many aspects of the crystal
structure. The Rietveld method refines user-selected parameters to minimize the
difference between the experimental or observed diffraction pattern and the calculated
pattern based on the hypothesized crystal structure and instrumental parameters.

The method plays a vital role in extracting the detailed structural information of
the materials from XRD data (Rietveld, 1969; Young, 1993).This method uses an iterative
procedure by least squares method, with some initial parameters such as space group,
lattice constants, atom types, atomic positions, etc., for each structural model. Using these
initial parameters, a calculated X-ray pattern is first generated and is compared with the
experimentally observed XRD pattern. Refinement is done on each factor until the
difference between the observed pattern, and the calculated pattern reaches a minimum.
The minimization function in the refinement (Sy) is the weighted difference between the
observed, and calculated diffraction patterns. i.e.

Sy:zi:vvi(Yvio_Yic)2 (34)

where ‘W;’is the corresponding weight, ‘Yio” is the observed intensity at angular step i and

“Yic’ is the corresponding calculated intensity. In a particular measurement, each intensity
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value is calculated by summing the contributions of all Bragg reflections and background

as,
Y. .=l ZkhthmthP(Ah )+, (3.5)

where ‘lo’ is the incident intensity, ‘kn’ is the scale factor for the particular phase, ‘Fn’ is
the structure factor for the particular reflection, ‘my’ is the reflection multiplicity, ‘Ln’ is
the correction factors for the intensity-texture, etc. ‘P(4n)’ is the peak shape function and
‘v’ is the background contribution. The instrument related factors are the instrumental
profile function, zero position, background, and wavelength. The parameters reflecting
contribution from the sample are lattice parameters, atomic coordinates, occupancies,
temperature factors, scale factors, absorption coefficients, etc. The peak shape is usually
fitted with a Pseudo-Voigt function, which allows flexible variation of the Gaussian and
Lorentzian character of the peak shape.

The quality of the refinement is controlled by several agreement factors such as
the profile factor, the weighted profile factor, the expectation factor and the Bragg factor.
(Young, 1993). The profile factor is defined as,

R = zi:‘Yio _Yic‘

p zll YI ] (3.6)

The weighted profile factor, Rwp is more valuable, and its absolute value does not depend
on the absolute value of the intensities, but it depends on the background. Rwp is weighted

to emphasize intense peaks over the background.

1
Zw; (YY) |?
RWp - Y WiYii (37)

The expectation factor is given as,

1
[ N-P+C |’

| Twz @9

where (N-P+C) is the number of degrees of freedom. N is the number of points in the

pattern, P is the number of refined parameters and C is the number of constraints applied.
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The Bragg factor is,

=1L

Bragg = ST (3.9)
~"jo
]

where, ljc and ljc are the observed and calculated integrated intensities for the different
Bragg peak, j. The measure of the goodness of fit, x?, can be obtained from the residuals
‘Rwp’ and ‘Rexp” and are given by,

2

R (3.10)

exp

In the present study, Rietveld refinement of the XRD patterns of all the samples
was carried out using the GSAS-EXPGUI software (Toby, 2001). The background was
refined using the shifted Chebyshev polynomial with ten variables, and a Pseudo-Voigt
function was selected to refine the shape of the peak. The order of refining the parameters
was the scale factor, zero correction for 26, background parameters, the cell parameters,
the peak shape parameters, the fractional coordinates, the isotropic displacement
parameters and the thermal factors. To estimate the quality of the refined results, we must
consider a global view of the difference between the calculated profiles and the measured
data combined with the agreement factors. From the mathematical point of view, Ry is
the most meaningful of these R’s because the numerator is the residual being minimized
in the refinement. The integrated intensity factor, Reragg IS based on a comparison of
observed and calculated integrated intensities. In the present work, Rietveld refinement
has been carried out on the alloy samples and LTMO manganites to analyse the crystal
structure. The refined data was used to generate the crystal structure using CrystalMaker®

Software.

3.2.3. Scanning electron microscopy

Scanning electron microscopy is a non-destructive technique used to examine a
large area of the sample and obtain information on its microstructure and morphology at
the sub-micron level. The scanning electron microscope (SEM) uses a focused beam of
high-energy electrons to generate a range of signals at the surface of solid specimens.

These signals derived from electron-sample interactions reveal information about the
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sample including external morphology (texture), crystalline nature, chemical
composition, and orientation of materials making up the sample. In most applications,
data are collected over a selected area at the surface of the sample, and a two-dimensional
image is generated that displays spatial variations in these properties. The working
principle of SEM is shown in Figure 3.5. The primary electrons produced from the
electron gun are focused into a small-diameter electron probe and is scanned across the
specimen. It uses the fact that electrostatic or magnetic fields, applied at right angles to
the beam, can be used to change its direction of travel. By scanning synchronously in two
perpendicular directions, a square or rectangular area of the specimen (known as raster)
can be covered, and an image is formed by collecting the signals from this area. These
signals include Secondary electrons (SE), Backscattered electrons (BSE), Characteristic
X-rays, Auger electrons, etc. SE and BSE are commonly used for imaging samples. The
electron beam interaction volume is depicted in Figure 3.6. SE is the most valuable for
showing morphology and topography of samples while BSE is used for explaining

contrasts in the composition in multiphase samples (i.e. for rapid phase discrimination).
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Figure 3.5. (a) Schematic representation of SEM (b) Carl Zeiss Evo 18 SEM equipped

with an energy dispersive x-ray spectrometer.
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Figure 3.6. Electron beam interaction volume in SEM

SE is produced when the energy from the primary beam causes the atoms of the
specimen to ionize. As a result of ionization, secondary electrons are ejected from the k
orbitals of the sample. BSE consist of high-energy electrons that are reflected or
backscattered from the sample by elastic scattering. They emanate from deeper locations
within the specimen, and the intensity of the BSE signal is strongly related to the atomic
number (Z) of the specimen. BSE images can provide information about the distribution
of different elements in the sample. Elements with higher atomic number scatter more
electrons than those with low atomic number and hence appears to be brighter in the
image. The intensity of one of the detected signals (at a time) is amplified and gives rise
to the intensity of a pixel on the image on the computer screen. The electron beam then
moves to next position on the sample, and the detected intensity gives the intensity in the
second pixel and so on. The essential requirement for good imaging is that the samples
must be electrically conductive, at least on the surface, and electrically grounded to
prevent the accumulation of electrostatic charge at the surface. Nonconductive samples
must be coated with an ultrathin coating of electrically conducting material like gold.

In the present study, the microstructure of the Gd-Si-Ge samples was done using
a Carl Zeiss Evo 18 SEM equipped with an energy dispersive X-ray spectrometer used in
BSE imaging mode. The Gds(SixGe1x)s ingots were cut and polished well to see the
microstructural features of the samples. These samples were then mounted on brass studs

using adhesive carbon tapes. No gold coating was used since the samples were electrically
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conducting. Then, the brass studs with the mounted samples were loaded on the sample
holder of the SEM. The typical magnifications value chosen for the images in the present
study were 5000X and 3000X.

3.2.4. Energy dispersive spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) is an analytical technique, which can
provide information regarding the elemental distribution in the samples. EDS is based on
the detection of Characteristic X-rays, which are produced when an outer shell electron
fills a vacancy in the inner shell, created by a high energy electron beam, resulting in the
emission of X-rays characteristic to each element. When a high beam of electrons fall on
the surface of the sample, an electron from an inner K shell of an atom is ejected due to
the collision with a primary electron, and it creates a hole (vacancy). Another electron
from higher energy level (L-shell) within the atom fills this vacancy, and this transition
results in the release of energy, which is equal to the difference in energy between the
two shells. The schematic representation of this process is shown in Figure 3.7. This
excess energy, which is unique for every atomic transition, will be emitted by the atom
either as an X-ray photon or will be self-absorbed and emitted as an Auger electron. The
energy of each X-ray photon is characteristic of the atom from which it escapes. The EDS
system collects the X-rays, sorts them by energy and displays the intensity versus binding
energy values. The position of the peak with appropriate energies gives information about
the qualitative composition of the sample. This qualitative EDS spectrum can be further
analyzed to produce a linear elemental analysis (displayed as a line scan) or an area
elemental analysis (displayed as a dot map), giving the overall distribution of all the
elements in the sample. EDS allows one to identify the particular elements present and
their relative proportions in atomic %. X-ray mapping of elements helps in identifying
the positions of specific elements emitting characteristic X-rays within an inspection
field, which can be indicated by a unique color. Hence, elemental mapping can be used
to great advantage to show positions of inclusions, phases with varying composition, etc.
The limitation of EDS is that it cannot detect elements having atomic weight lesser than
carbon. In the present study, EDS analysis was done using automated EDS system
integrated to SEM. EDS analysis was performed on multiple areas, and the average is

presented throughout the study.
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Figure 3.7. Schematic representation of X-ray emission from an atom when an electron
from higher energy level fills the vacancy created due to excitation of an inner level

electron by a high energy electron beam.

3.2.5. Transmission electron microscopy

Transmission electron microscopy (TEM) is a technique used for analyzing the
morphology, crystallographic structure, particle size, defects, and composition of a
specimen. In this technique, a beam of electrons is transmitted through an ultra-thin
specimen of the sample to produce a magnified image of the object. An image is formed
from the interaction of the electrons transmitted through the specimen, which is magnified
and focused onto an imaging device, such as a layer of photographic film, a fluorescent
screen or is detected by a sensor such as a CCD camera.

Initially, an electron source is heated up in an electron gun, which acts as cathode,
and generates a beam of electrons. The first crossover is made by the Welnet cylinder
which is given a high negative voltage. The second condenser lens defocuses and
concentrates the electrons to a small virtual source having very high spatial and temporal
coherence. This beam is directed by condenser lens onto a certain part of the specimen.
The first intermediate image is generated by the objective lens, the quality of which
determines the resolution of the final image. The intermediate lens and apertures helps to
choose between the imaging mode and diffraction mode. The image is further magnified
by the projector lens, which is focused onto a fluorescent screen and the image is viewed
on a TV screen. TEM offers two methods of specimen observation : (1) in Image mode

and (2) in Diffraction mode. In image mode, a magnified image of the specimen is formed
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on the fluorescent screen. In diffraction mode, a diffracted electron image focused at the
back focal plane of the objective lens is projected onto the screen to produce a diffraction
pattern or selected area diffraction pattern (SAED), which is the image of the reciprocal
lattice. The imaging mode and diffraction mode used in TEM is depicted in Figure 3.8. A
single crystal will produce a spot pattern on the screen while a polycrystalline sample will
produce a ring pattern. The microstructure, grain size, and lattice defects can be studied
in the image mode, while the crystalline structure can be studied using the diffraction
mode. The two primary image modes in TEM differ by the way in which the objective
aperture is used as a filter in electric optics system. In bright field imaging, only the
transmitted beam is allowed to pass through the objective aperture and the scattered beam
is excluded. In the corresponding dark field-imaging mode, the primary beam is excluded
and the scattered beam is used for imaging. The technique known as bright field is
particularly sensitive to extended crystal lattice defects, such as dislocations. The electron
rays corresponding to bright field and dark field imaging are shown in Figure. 3.9

respectively and the experimental set up for TEM is shown in Figure. 3.10.
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Figure 3.8. (a) Imaging mode and (b) Diffraction mode in TEM.
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Also, TEM builds an image by way of differential phase contrast. Those electrons
that pass through the sample go on to form the image while those that are stopped or
diffracted by dense atoms in the specimen are subtracted from the image. In this way, a
black and white image, called the bright field image, is formed. If the scattered beam is
used to produce the image, it is called the dark field image. Sometimes the image of the
scattered beams is used for further projection giving the selected area diffraction pattern
which provides useful information about the inter-atomic spacing and crystal structure.
Finally, one uses the projector lens to project the final magnified image onto the phosphor
screen. It is in the projector lens that the majority of the magnification occurs. Thus, total
magnification is a product of the objective and projector magnifications. For higher
magnifications, an intermediate lens is often added between the objective and projector
lenses. This lens serves to further magnify the image. The information obtained through
SAED pattern has been correlated with the X-ray diffraction patterns.
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Figure 3.9. (a) Bright field and (b) Dark field imaging in TEM.
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Figure 3.10. FEI Tecnai G230S Twin 300 kV TEM facility at NIIST, Trivandrum.
3.2.6. Magnetization measurements

The Physical Property Measurement System (PPMS) is a versatile and
indispensable instrument with a provision to measure many physical properties such as
AC & DC magnetizations, resistivity, specific heat, thermal conductivity, Seebeck
coefficient, Hall effect, etc. as a function of temperature, magnetic field and time. The
magnetization (M) measurements up to a maximum field (H) of 50 kOe were carried out
using vibrating sample magnetometer (VSM) attached to a PPMS (Quantum Design,
Dynacool). During the course of this work, we have used PPMS for measuring the
magnetization as the function of temperature and magnetic field.

For DC magnetization, a small external field is applied, and magnetization (M) is
measured as a function of temperature at a constant applied field. The temperature-
dependent magnetization measurements have been performed in the temperature (T)
range of 5-350 K in different modes. In the Zero Field Cooled (ZFC) mode, the sample
was initially cooled to 5 K in the absence of an applied field, and the measurement was
carried out while heating the sample to room temperature in an applied field. In the Field-
Cooled-Cool (FCC) mode, the data was collected while cooling the sample to 5 K under

an applied field and in the Field-Cooled-Warming (FCW) mode, the data was collected
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during the subsequent warming, after field cooling to 5 K. MCE properties were
performed for all the samples from the isothermal magnetization curves near the structural
as well as the magnetic phase transition region by sweeping the magnetic field from 0 to
50 kOe, and back to O at different temperatures. A brief description of the working
principle of Vibrating Sample Magnetometer (VSM) and a brief introduction to the
principle of AC magnetic measurements is also given below.

3.2.6.1. Vibrating sample magnetometer

DC magnetic measurements were carried out using VSM attached to PPMS. A
maximum field of 90 kOe and temperature ranging from 1.8 K-400 K can be achieved in
the present model and it is used for measuring the magnetic behavior of materials. The
technique was first highlighted by Foner (Foner, 1959) and has been universally accepted
for various magnetic and superconducting materials.

The working principle of VSM is based on the Faraday’s law of electromagnetic
induction (Foner, 1959; Cullity, 1972). When a magnetic material is subjected to a DC
magnetic field, a moment is induced in it. If the material is subjected to a sinusoidal
motion, the oscillating flux will induce an electromotive force (e.m.f.) in the pick-up coils
placed in the vicinity of the material. This induced e.m.f is directly proportional to the
magnetic moment of the material under investigation. The magnitude of the AC signal
produced is proportional not only to the magnetic moment induced in the sample, but also
to the amplitude and frequency of vibration. To separate out the contribution to the pick-
up voltage from the magnetic moment, the pick-up voltage is fed to one of the inputs of
a differential amplifier. The greater the magnetization, greater will be the induced current.
By measuring the induced current, we can understand how much the sample is
magnetized and how its magnetization depends on the strength of the constant magnetic
field.
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Figure 3.11. The configuration of the PPMS DynaCool System

Figure 3.12.

PPMS DynaCool System at NIIST, Trivandrum
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Figure 3.11 shows the configuration of the PPMS DynaCool System. In this
instrument, the magnetic field is generated using superconducting coil NbTi alloy. A
single two stage pulse tube cooler is used in the system to cool both the superconducting
magnet and the temperature control system, which provides a vibration free environment
for different measurements. The sample chamber and the superconducting magnet is
cooled by a minimum amount of condensed liquid helium-4 in PPMS Dynacool.
Therefore, only a minimum volume of bottled helium gas is required for smooth and
continuous working. The cooling power and temperature stability is improved by utilising
anovel gas flow regulation system. Along with sophisticated control software, this system
provides stable and efficient operation in the temperature range 1.8 K -400 K, with
cooling provided by evaporating liquid helium. An integrated cryopump is used to pump
out the sample space to a vacuum of less than 10 Torr. Multiple thermometers and
heaters manage temperature gradients and ensure smooth temperature control throughout
the accessible temperature range. A magnetic measurement is accomplished by
oscillating the sample near a pickup coil and synchronously detecting the voltage induced.
The system can resolve magnetization changes of less than 10 emu at a data rate of 1 Hz
by using a compact gradiometer pickup coil configuration, relatively large oscillation
amplitude (1-3mm peak) and a frequency of 40 Hz. The VSM option of PPMS consists
primarily of a VSM linear motor transport 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 the MultiVu software for automation and control. 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 readback from the VSM linear motor transport. The voltage induced in the
pickup coil is amplified and lock in detected in the VSM detection module. 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. Magnetic measurements has been carried out in PPMS

facility at NIIST, Trivandrum.
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3.2.6.2. AC susceptibility versus temperature measurements

The ac Susceptibility technique is valuable tool extensively used to study
superconducting transitions, vortex dynamics and critical current density, grain
connectivity, relaxation process and to map magnetic phase diagram. In ac magnetic
measurements, an ac field is applied to the sample and the resulting induced sample
moment is time-dependent. Hence, ac measurements yield information about the
magnetization dynamics that are not obtained in DC measurements, where the sample
moment is constant during the measurement time. The ac Susceptibility technique works
on the principle of mutual induction. A primary coil which generates an ac magnetic field
and two oppositely wound secondary coils form the basic unit of the measuring circuitry.
In the absence of the sample, the voltage measured across these two detection coils is
ideally zero. Inserting a sample centered in one of the secondary coils will result in a non-
zero signal in the secondary coil due to the electromotive force induced by the primary
coil and this is directly proportional to the amplitude of ac susceptibility of the sample
being measured. The schematic representation of working principle of an ac
susceptometer is given in Figure 3.13. The magnetic susceptibility,  is a measure of how
“magnetic” a material is and describes the response of the material to an applied field H,
i.e.,, x = M/H, where M is the sample’s magnetization. Since the actual response of the
sample to an applied ac field is measured, the magneto dynamics of the system can be
studied through the complex susceptibility (%' + iy’"). The real component ' represents
the magnitude of the susceptibility that is in phase with the applied ac field, while %"
represents the component that is out of phase. The imaginary component " represents
the energy losses, i.e., the energy absorbed by the sample from the ac field. The two
representations are related by

¥ = yCOoS¢ "= ysing (3.11)
y=ri+y? ¢ = arctan % (3.12)
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Figure 3.13. Schematic representation of working principle of an ac susceptometer

In the low frequency limit, ac measurements are similar to dc measurements, the
real component is slope of the M(H) curve. Both ¢’ and ¢ are sensitive to thermodynamic
phase changes, and hence can be used to measure transition temperatures. In the lower
frequency limit, AC measurement is analogous to DC analysis. For conductive samples,
the dissipation arises due to eddy currents. In spin glasses, relaxation and irreversibility
give rise to a non-zero y". In ferromagnets, a non-zero imaginary susceptibility can
indicate irreversible domain wall movement or absorption due to permanent moments. In
the present work, the ac susceptibility measurements of the Gds(SixGe1-x)s series has been
performed using ac susceptibility setup attached to PPMS (Quantum Design, Dynacool).
The ac susceptibility measurements of Lanthanum Tellurium Manganites (LTMO) were
measured using a closed-cycle ac susceptometer (Advanced Research Systems, ARS-
CS202S-DMX-19 SCC, Macungie, PA) to understand the spin glass behaviour in LTMO.
The block diagram of the ac magnetic susceptibility measurement unit (Advanced
Research Systems, Model: CS202F-DMX-19 SCC) used in the present study is given in
Figure 3.13. The bulk samples of LTMO are fixed in the sample holder tube and then
inserted into a system containing both primary and secondary coils (ARS). An excitation
field is applied to the primary coil and the secondary coils pick up the change of induction
voltage across the coils using a lock-in-amplifier (Stanford Research Systems (SRS 850),
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USA). The temperature of the sample was precisely monitored using Lakeshore-340
temperature controller. The measurements were programmed with a computer using
GPIB interfaced Labview software. In the present study, x-T of specific samples were
measured at different frequencies of f = 111, 333, 533, 733, and 999 Hz for Hac = 0.49
mT.

Spin glass behavior is usually characterized by ac susceptibility. In a spin glass,
the magnetic spins have random interactions with other magnetic spins which result in a
highly irreversible and metastable state characterized by the frustration of spins. The spin
glass state is realized below the freezing temperature, and it is determined by measuring
x' vs.T, a curve which reveals a cusp-like anomaly at the freezing temperature. Moreover,
the location of the cusp is dependent on the frequency of the ac susceptibility
measurement. This feature is not present in other magnetic systems and therefore
confirms the spin glass phase. The irreversibility in spin glasses leads to a nonzero out-
of-phase component (™), below the spin glass freezing temperature. Since spin glasses
have unique magnetization dynamics, many interesting effects are observed in the
susceptibility behavior.
3.2.7. X-ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) also called Electron Spectroscopy for
Chemical Analysis (ESCA) is a widely used technique for characterizing the chemical
composition at the surface of a solid. ESCA can also provide insights into the chemical
bonding at the surface. It utilizes the photo-ionization and analysis of the kinetic energy
distribution of the emitted photoelectrons to study the composition and electronic state at
the surface region of the sample. When a solid substance is irradiated with X-rays of
known energy, photoelectrons from the core and valence energy levels, secondary
electrons, and Auger electrons are emitted. The missing inner core electron
(photoelectrons) represents an unstable hole in the electronic shell. An electron from the
valence shell thus fills the freshly created hole, causing an Auger electron to be emitted
from the valence shell to conserve energy, causing Auger relaxation. Not only electrons
from primary ionization (photoelectrons) are detected, but also electrons from the Auger
relaxation process (Auger electrons) can be detected. The photoelectron transition is the
basis of XPS.
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Figure 3.14. Principle of XPS

Figure 3.14 shows the excitation of carbon (C) core electrons from the 1s level
with X-ray photons. The binding energy is characteristic of an atom and its bonding state.
The C 1s electrons that are excited by the X-ray beam overcome the binding energy of
the C 1s orbital, since the energy of the X-ray photon is transferred. Hence the electron
that leaves the 1s orbital reach the material-vacuum interface, and travel through vacuum
to reach the analyser, and then to a detector. XPS is based upon two simple processes
which result from interactions between X-rays and electrons. The first and most important
is the Compton scattering in which an incident X-ray photon collides with a core electron,
and the collision causes the electron to be ejected from the electronic shell. The energy
of the X-ray photons must be equal to the binding energy, work function and kinetic
energy of the photoelectrons. The photoelectron released will have a particular kinetic
energy that is directly related to the binding energy of the electron in the atom. The

binding energy of the emitted electrons can be calculated as:
BE =hv-KE-¢, (3.13)

where KE is the kinetic energy of the emitted electron (eV), h v is the excitation energy,
BE is the binding energy (eV) and ¢ is the work function.

In the present study, XPS measurements of selected LTMO samples were carried
out using an Omicron Nanotechnology Multiprobe Instrument. The spectra was obtained
using a high- resolution hemisphere analyzer EA 125 HR equipped with a detection

system consisting of seven channeltrons. A monochromated Al Ka source of hv = 1486.6
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eV was used to probe Lao.7TeosMni-xCoxOz pellets with x=0.1 and x=0.3 attached by
double-sided tape to the molybdenum sample holder. The pressure in the XPS chamber
was maintained at 5 x 107 mbar during the measurements. The binding energies were
corrected by C 1s as reference energy (C 1s = 284.8 eV) (Moulder et al., 1992). A wide
scan was collected to ensure that no foreign materials were present on the sample surface.
Narrow scans of Mn 2p and Co 2p regions were collected at an analyzer pass energy of
20 eV. Curve fitting to the XPS spectrum was done using CasaXPS software. Background
subtraction was done using the Shirley method.
3.2.8. Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a thermal analysis technique where the
differences in the heat flow into a sample, and a reference is measured as a function of
temperature, while both are subjected to a controlled temperature program. DSC can be
used to determine phase transformation, melting temperatures, crystallization
temperatures, glass transition temperatures, etc. Moreover, the chemical reaction such as
thermal curing, heating history, specific heat capacity, and purity analysis can also be
determined. When a sample undergoes a physical transformation such as a phase
transition, either heat is absorbed or liberated out of the sample with respect to that of the
reference to maintain both at the same temperature. The process may be exothermic or
endothermic depending on whether heat flows out of the sample or into the sample. In the
present study, power compensation DSC is used where the heat flow between the sample
side and reference side is measured directly using two separate, low mass furnaces. Both
the sample and reference pans are heated by different furnaces. When a phase change
occurs in the sample, the sensitive Platinum Resistance Thermometer (PRT) detects the
change, and power (energy) is applied or removed from the sample furnace to compensate
for the change in heat flow to or from the sample. Hence, the temperature difference is
maintained at zero all times. The amount of power required to maintain the system in
equilibrium is directly proportional to the energy changes occurring in the sample. No
complex heat flux equations are required with a power compensation DSC because the
system directly measures the energy flow to and from the sample. In the present work,
DSC measurements were carried out on the Gd-Si-Ge samples using the Mettler Toledo
DSC 822 which a power compensation DSC. An empty aluminum pan is used as the

reference, and the sample is placed in another aluminum pan in the DSC cell. The
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measurements were carried out in the heating as well as cooling cycles with a scanning
rate of 5 K/min. The schematic diagram of power compensation DSC is shown in Figure
3.15.

Furnace
Heat-flux Plate (5i6) Heating coil

@ [
@ [
@ [
® Sample (5) Reference (R) ®
[ (]
@ (]
] @
O [
O @
@ @
@ @
@ O

Inert

(Vnzcuu%?)s Thermocouples

Figure 3.15. Schematic representation of a Power compensation DSC.

3.2.9. Electron Spin Resonance

Electron Spin Resonance (ESR) spectroscopy, also known as Electron
Paramagnetic Resonance (EPR) spectroscopy, is a versatile, and nondestructive analytical
technique based on the absorption of microwave radiation by molecules or compounds
with unpaired electrons when placed in a strong magnetic field. When any compound
containing unpaired electron is subjected to a static magnetic field, the interaction
between the spin magnetic moment of the electron and the applied magnetic field splits
the spin energy levels, which is known as Zeeman effect. The alignment along the
direction of the magnetic field corresponds to the lower energy state ms = - %2 and the
alignment opposite (antiparallel) to the direction of the applied magnetic field
corresponds to ms = + 4. The two alignments have different energies, and this difference
in energy lifts the degeneracy of the electron spin states. The difference between the two
spin states, ms = +1/2 and ms = -1/2 corresponds to frequencies in the microwave region.
The difference in energies is given by:

AE =hv =gB (3.14)
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where h is the Planck’s constant, v is the frequency, g is the Lande g factor, ; is the

Bohr magneton and B is the applied magnetic field. Transitions between these spin states
is induced by applying suitable microwave radiation perpendicular to the magnetic field.
The resulting absorption of the microwave radiation is modulated to record the first
derivative of the absorption to improve the resolution. Thus, for a particular applied field
strength, an absorption of microwave radiation of a particular frequency results in the
resonance. The block diagram of an ESR spectrometer is shown in the Figure 3.16. This
is a continuous wave (CW) ESR spectrometer that employs field modulation and phase
sensitive detection. The Microwave Bridge consists of the Gundiode which acts as the
source of radiation and the Detector. The sample whose ESR spectra is to be measured
is placed in a resonant cavity which admits microwaves through an iris. The cavity is
placed in the middle of an electromagnet which helps to amplify the weak signals from
the sample. Other components such as attenuator, field modulator, and amplifier also
enhance the performance of the instrument. However, in a typical EPR spectrometer, the
experiments are carried out at a fixed frequency of microwave radiation and varying the
applied field. Two common frequencies are in the X-band frequency range (8.75- 9.65
GHz), and the Q-band frequency (35.5 GHz). In the present study, ESR spectra of selected
Gd-Si-Ge samples were obtained using JES-FA200 ESR (ESR-JEOL, Japan) at selected
temperatures between 200 K and 320 K in the X-band region.
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Figure 3.16. The block diagram of ESR spectrometer
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Chapter 4

Tuning the structural and magnetocaloric

properties of GdsSi>Ge; with Nd substitution

This chapter discusses the effect of Nd substitution on the structural,
magnetic and magnetocaloric behavior of Gds.xNdxSi2Gez with x = 0,
0.05, 0.1, and 0.2. Universal Curve Analysis has been carried out to

understand the nature of the transition.



Effect of Nd substitution in GdsSi>Ge> alloys

4.1. Introduction

Compounds with first order phase transitions (FOPT) leads to a GMCE. Since
the discovery of GMCE in GdsSi>Ge> (*Pecharsky et al., 1997), extensive research on
Gds (SixGe1-x)a compounds has been carried out to increase the isothermal entropy
change (and adiabatic temperature change) around room temperature. Research on
Gds(SixGe1x)a compounds are of special interest owing to the existence of a strong
correlation between its crystal structure and magnetic properties (Pereira et al., 2010;
Morellon et al.,1998) and GMCE in GdsSi.Gez makes it a promising candidate for room
temperature magnetic refrigeration applications. Giant MCE in Gds(SixGe1-x)s System
has been attributed to the coupled magneto-structural transition from the high-
temperature monoclinic PM phase to the low-temperature orthorhombic FM phase that
occurs in the vicinity of the magnetic ordering temperature (Provenzano et al., 2004).
This phase transition can be induced by changes in temperature (*Pecharsky et al., 1997;
bpecharsky et al., 1997), hydrostatic pressure (Carvalho et al., 2005) and magnetic field
(Morellon et al., 1998) as well as by tuning the Si: Ge ratio (“Pecharsky et al., 1997).

Several studies have been performed on different Rs(SixGe1x)4 series (R= Pr, Nd,
Dy, Th and Ho) to understand the correlation between the magnetic and crystallographic
phases (Wang et al., 2007; Magen et al., 2004; ®Nirmala et al., 2007; "Tegus et al., 2002;
Thuy et al., 2002; Pereira et al., 2008). Alloying GdsSi.Ge> with different rare earths at
the Gd site such as Th, Dy, Er, etc which occupy to the right of GdsSi>Ge: in the periodic
table leads to a decrease in the Curie temperature. However, the magnetocaloric property
gets enhance with Th and Er substitution and are discussed in Chapter 2 (°Deng et al.,
2007; PDeng et al., 2007, Nirmala et al., 2007, Chen et al., 2011). The magnetocaloric
property of NdsSi>Ge, with monoclinic structure was investigated by Gschneidner et al.
and was found to be 5.6 J/ kg K for 50 kOe at 65K (Gschneidner et al., 2000). Hence, in
the present study, we report the evolution of magnetic as well as magnetocaloric
properties of GdsSi>Ge, with Nd substitution at the Gd site. With Nd substitution, the T¢
could be tuned to room temperature although with a decrease in ASm. However, the
compounds show a significant relative cooling power (RCP) showing the potential of

these materials for room temperature magnetic refrigeration applications.
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4.2. Experimental details

Alloys with the nominal composition GdsxNdxSi-Ge2 (x=0, 0.05, 0.1 and 0.2)
were prepared by arc melting the constituent elements in a water cooled copper hearth
under high pure argon conditions. The purity of the starting elements was 99.9 wt. % for
Gd (Alfa Aesar) and Nd (Alfa Aesar) and 99.9999 wt. % for Ge (Alfa Aesar) and Si (Alfa
Aesar). The ingots were re-melted several times to ensure compositional homogeneity
during melting. Weight loss of the samples after the arc-melting process was found to be
less than 0.01%. As-cast ingots were sealed in evacuated quartz tubes and annealed at
1573 K for 1 hour and subsequently quenched in ice water. The crystal structure of the
samples were analyzed by X-ray powder diffraction using Cu-Ko radiation (PANalytical
X’pert Pro diffractometer) operated at 40 kV and 30 mA. The diffraction measurements
were performed in the 26 range 10° to 90° with a step size of 0.017°. Rietveld refinement
of the diffraction pattern was carried out using GSAS (General Structure Analysis
System) software. Differential scanning calorimetry was performed (PerkinElmer — Pyris
6) with a scanning rate of 5°C/min under nitrogen atmosphere. Magnetization
measurements were made as a function of both temperature and field using a PPMS
[Quantum Design, Dynacool] up to a maximum field (H) of 50 kOe in a temperature
range 100-320 K. MCE was estimated, in terms of isothermal magnetic entropy change
(ASwm), from Maxwell relations (Gschneidner et al., 2005) using equation (1.19) described
in Chapter 1.

4.3. Results and discussion
4.3.1. Structural Analysis

Powder X-ray diffraction patterns of Gds.xNdxSi.Ge2 (x=0, 0.05, 0.1and 0.2)
alloys are shown in Figure 4.1. According to the X-ray diffraction patterns, the parent
compound GdsSi,Ge; crystallizes in a mixed state of monoclinic GdsSi.Ge,-type and O(1)
GdsSi4 phase at room temperature. Gds.xNdxSi2Ge2 alloys with x=0.05 stabilizes in the
monoclinic GdsSi>Gex-type structure at room temperature and has been indexed with
ICSD pattern No. 84084 (space group P1121/a). The refinement result of Gds.xNdxSi>Ge>
for x=0, 0.05, 0.1 and 0.2 are shown in Figure 4.2-4.5 respectively. Rietveld refinement
confirms the monoclinic phase of GdsxNdxSi>Ge2 with x=0.05. However, the increase in

Nd content favours the formation of the O(l) GdsSis structure and the compositions with
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x=0.1 and x=0.2 has been indexed with ICSD pattern no. 84083 (Space group Pnma). The
formation of the GdsSis structure is attributed to the changes in the inter-slab bonding
with increase in Nd substitution. A small fraction of hexagonal GdsSiz phase is found in
the parent compound. However, the presence of GdsSis phase is almost negligible in the
Nd substituted compounds. Details of the lattice parameters extracted along with

refinement parameters are summarized in Table 4.1.
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Figure 4.1. XRD patterns of GdsxNdxSi-Ge> (x = 0, 0.05, 0.1 and 0.2) at room

temperature.
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Figure 4.5. Rietveld refined XRD pattern of GdssNdo.2Si>Ge.
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Table 4.1. Lattice parameters, unit cell volume, and reliability factors from the Rietveld

refinement of GdsxNdxSi>2Ge: (x =0, 0.05, 0.1 and 0.2).

Crystal Space Lattice parameters Residual
GdsxNdx | Structure | group Parameters
Siz2 Gez a b c Y Volume | Rwp | Rp
A) (A) A) (deg) Ay % | %
M P112:/a | 7.55(1) | 14.75(1) | 7.75 (1) | 93.12(5) | 862.28(6)
156 | 1.17
x=0 o(l) Pnma | 7.66(2) | 14.62(1) | 7.53(1) 90 844.38(1)
H P6s/mcm | 8.35(1) | 8.35(1) | 6.48(1) 120 | 391.22(7)
x =0.05 M P112:i/a | 7.56(3) | 14.77(6) | 7.77(4) | 93.09(4) | 866.25(5) | 2.00 | 1.57
x=0.1 o () Pnma | 7.51(3) | 14.79(6) | 7.81(2) 90 867.65(5) | 2.40 | 1.82
x=0.2 [oX()) Pnma | 7.52(3) | 14.81(6) | 7.82(3) 90 871.77(5) | 1.40 | 1.79

4.3.2. SEM and TEM Analysis

The backscattered scanning electron (BSE) micrographs of Nd substituted GdsSi>Ge;

alloys are shown in Figures 4.6-4.8. The microstructures of the parent composition

display a multi-phase nature showing the presence of a brighter Gds(Si,Ge)s matrix phase
(5:4-type) along with darker Gds(Si,Ge)s (5:3-type) secondary phase. The Nd substituted

show the presence of Gds(Si,Ge)s matrix phase along with traces of Gds(Si,Ge)s (5:3-

type) phase. Elemental mapping analysis has been performed on all the samples and the

results are included in Figures 4.6-4.8. Elemental mapping reveals that Nd has been

uniformly distributed throughout the matrix phase. The EDS results are summarized in

Table 4.2. This is concordant with our Rietveld refinement results shown in Table 4.1.

The increase in lattice parameters with Nd substitution is attributed to lattice expansion
caused by the large size of Nd (2.64 A) compared to Gd (2.54 A).
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Gd(Si, Ge),
~
Gd.(Si, Ge),

10 pm

Figure 4.6. Backscattered SEM images of GdsxNdxSi.Ge; alloys for (a) x=0 at low
magnification (b) x=0 at high magnification (c) Gd mapping (d) Si mapping and (e) Ge
mapping [Matrix phase is 5:4-type, Dark phase is 5:3-type].

(b) x=0.05

Figure 4.7. Backscattered SEM images of GdsxNdxSi.Ge; alloys for (a) x=0.05 at low
magnification (b) x=0.05 at high magnification (c) Gd mapping (d) Si mapping and (e)
Ge mapping and (f) Nd mapping. [Matrix phase is 5:4-type, Dark phase is 5:3-type].
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Figure 4.8. Backscattered SEM images of GdsxNdxSi>Ge> alloys for (a) x=0.1 at low

magnification (b) x=0.1 at high magnification (c) Gd mapping (d) Si mapping and (e) Ge
mapping and (f) Nd mapping [Matrix phase is 5:4-type].

Table 4.2. Compositions of Gds.xNdxSi>Ge, with x= 0, 0.05, 0.1 and 0.2 determined by
EDS analysis. The estimated error in determining the concentration of each element is 0.1
at%.

X Phase Composition (at %) Phase type
Gd Si Ge Nd
0 Matrix 55.08 22.13 22.79 - 5:4
Grain Boundry 62.03 22.28 15.9 - 5:3
phase

0.05 Matrix 54.73 22.25 21.87 0.95 54
0.1 Matrix 53.27 22.97 22.73 1.03 54
0.2 Matrix 55.93 22.79 22.57 211 5:4

From the SEM images, it is quite difficult to distinguish the presence of monoclinic
and O(l) phases in the parent compound. Hence, to have a better understanding of the
different matrix phases, we have carried out the High-Resolution Transmission electron
microscopy (HRTEM) analysis on the substituted samples Gds.xNdxSi.Ge, with x=0,
0.05, 0.1 and 0.2 and the results are depicted in Figure 4.9.
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Figure 4.9. HRTEM images of the samples GdsxNdxSi2Ge2 with (a) x= 0, (b) x=0.05 (c)
x=0.1 and (d) x=0.2. Inset shows the corresponding FFTs. SAED patterns obtained for
(e) x=0, (f) x=0.05, (g) x=0.1 and (f) x=0.2 (circles are a guide to the eye).
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The dominant planes seen in the high-resolution bright field images of x=0 matches
with the planes of the monoclinic and O(l) phase. Interplanar spacing (d) of these planes
measured from the TEM images match with the calculated values of the corresponding
planes. The selected area electron diffraction (SAED) patterns recorded shows a spotty
nature. The d values corresponding to these spots and the corresponding SAED patterns

are indexed as shown in Figure 4.9.
4.3.3. DSC Measurements

Figure 4.10. shows the DSC curves of Gds.xNdxSi>Ge> during heating and cooling
cycles for x=0.05 and x=0.2. During heating, for alloys with x=0.05, there is an
endothermic peak at around 270 K. The peak at 270 K during heating is attributed to a
FOPT from an orthorhombic GdsSis phase to a monoclinic GdsSi>Ge phase (Huo et al.,
2011). Moreover, it can be noted that the phase transformation corresponding to the
endothermic peak is reversible causing a dip in the DSC curve at around 264K during the
cooling cycle. On the other hand, as the Nd content increases to x=0.2, no other signatures
corresponding to the FOPT is seen in the DSC curves for x=0.2. XRD together with DSC
results indicates that Gda.9sNdo.0sSi2Ge2 shows a first order structural phase transition at
around 270 K and as the Nd content increases to x=0.2, the orthorhombic crystal structure
remains stable in the temperature range 250-370 K.

y 0.2 [T=270 K ' ' T =005 1
o 0.1- ﬁ — .
© J heating -
: -]
W 0.0- i
? 4 cooling
2-0.1 ] 3 \l-é:f=|264K 1 1 A 1 5 1 A 1 ]
E
g8:0-21 pree ]
L 0.14 heating 1
51 ]
- 0.0 A
-0.1 _- - cooling _
1 =0.2+
g
240 260 280 300 320 340 360 380

Temperature(K)

Figure 4.10. DSC scans of Gds.xNdxSi>Ge> for (a) x=0.05 and (b) x=0.2.
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4.3.4. Magnetic characterization

Figure 4.11 shows the temperature dependence (100 K—320 K) of magnetization
M(T) under field cooled cool (FCC) and field cooled warm (FCW) conditions measured
in a field of 100 Oe and 500 Oe for GdsSi.Ge.. The FCC and FCW curves of
Gds-xNdxSi>Ge, with x=0.05, 0.1 and 0.2 are shown in Figure 4.12. The FCC and FCW
magnetization curves almost follow the same path below the magnetic ordering
temperature for all the compositions. However, there is a significant hysteresis in the FCC
and FCW curves, for x=0 and 0.05, near the magnetic ordering temperature. The thermal
hysteresis between FCC and FCW curves is ~15 K for x=0.05 and is attributed to a FOPT.
This is in line with the conclusion drawn from the DSC curve depicted in Figure 4.10 (a).
The Curie temperature (Tc) of Gds—xNdxSi-Ge, was determined from dM/dT curves, and
it was found to be around 275 K, 300 K and 293 K for x = 0.05, 0.1 and 0.2 respectively.
Nd substitution in GdsSi>Ge; leads to a lowering of the ferromagnetic ordering
temperature for x=0.05 from 277 K in GdsSi>Ge> alloy to 275 K without the loss of FOPT.
Due to the larger size of Nd compared with Gd, the lattice parameters gradually increase
with increase in Nd substitution. This leads to the weakening of the exchange coupling
between the rare earth atoms leading to a decrease in the Curie temperature for monoclinic
Gds.95Ndo.0sSi2Ge,. However, with increase in Nd substitution to 0.1, the structure
changes from monoclinic to orthorhombic O (I), where all the slabs are interacting
strongly. As a result, the exchange coupling between the slabs increases. Also, there is
direct Gd(Nd)-Si (Ge)-Gd(Nd) super exchange interaction, in addition to the indirect
Ruderman-Kittel-Kasuya-Yosida (RKKY) 4f-4f exchange in the O(l) GdsSis-type phase
resulting in a higher Curie temperature (Levin et al., 2000; Belo et al., 2013). For the
composition with x=0.2, the Curie temperature again decreases. This is due to the
weakening of the exchange coupling with increase in lattice parameters as the Nd

concentration is increased.
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Figure 4.11. M-T curves of GdsSi.Ge, (x=0) alloys measured in a magnetic field of 100
Oe and 500 Oe during FCC and FCW processes.
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Figure 4.12. M-T curves of GdsxNdxSi2Ge2 (x=0.05, 0.1 and 0.2) alloys measured in a
magnetic field of 500 Oe during field cooling and field warming processes.
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Isothermal magnetization curves were measured in the temperature range of
210-320 K with a temperature interval of 5 K. For the magnetization measurement at a
particular temperature, the field was swept from 0-50 kOe and back to 0 Oe and the results
are depicted in Figures 4.13(a) — 4.13(d). It is clear from the M (H) curves that the
magnetization decreases with increase in temperature and becomes linear in H as the
temperature exceeds the magnetic ordering temperature. It can be seen from Figure 4.13
(@) - 4.13(b) that for x = 0 and 0.05, there is a considerable field hysteresis around the
ordering temperature, signifying a FOPT. This hysteresis is due to a field induced first
order crystallographic phase change from monoclinic PM phase to orthorhombic FM
phase. It can be clearly seen that this field-induced phase transition reverses upon
decreasing the field, but with some hysteresis around the transition region (Provenzano
et al., 2004). This feature, further suggests the reversible character of the structural
transition, at which the structure of the alloy returns to the initial state once the magnetic
field is completely removed. It can be seen that the hysteresis is maximum in the vicinity
of Tc, where the structural transition occurs. For compounds with x=0.1 and x=0.2, the
magnetic hysteresis is reduced considerably. This is due to the suppression of FOPT with
increase in Nd substitution.

In order to understand the exact nature of magnetic phase transitions, Arrott plots
(M? versus H/M) have been constructed. According to the Banerjee criterion, (Banerjee,
1964) a negative slope in the Arrott plot signifies a first order magnetic transition while a
positive slope indicates a second order transition. The Arrott plots indicate a negative
slope for x=0 and 0.05, thus confirming the first order nature of phase transition while for
x=0.1 and x=0.2, the positive slope in the Arrott plot indicate a second order phase
transition. The Arrott plots for all the compositions are shown in Figures 4.13(e) - 4.13(h)

respectively.
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Figure. 4.13. Field dependence of magnetization at different temperatures for Gds.
xNdxSi>Gez (a) x=0, (b) x=0.05, (c) x= 0.1 and (d) x= 0.2, corresponding Arrott plots of
GdsxNdxSi>Ge; for (e) x=0, (f) x=0.05, (g) x= 0.1 and (h) x=0.2.
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4.3.5. Magnetocaloric effect

The magnetocaloric effect (ASwm) in these compounds has been evaluated from
isothermal magnetization data using the thermodynamic Maxwell relations (Gschneidner
et al., 2005). Figures 4.14(a) — 4.14(d) represent the change of magnetic entropy (ASm)
as a function of temperature under different magnetic fields for x=0, 0.05, 0.1 and 0.2
respectively. It can be seen that the temperature dependence of ASm shows a positive peak
at temperature corresponding to the Curie temperature. The maximum magnetic entropy
change (ASwm) for Gds.xNdxSi>Gez with x= 0, 0.05, 0.1 and 0.2 are 8.5, 7.9, 3.7 and 3.2
JIkg K, respectively, for a field change of 20 kOe, and 13.6, 12.8, 7.6 and 7.2 J/kg K,
respectively, for a field change of 50 kOe. The ASwm value obtained for the parent
compound is less than that the ASwm of -18 J/kg K obtained by Pecharsky et al. (*Pecharsky
et al., 1997). This reduction in MCE is due to the presence of two phases coexisting in
the system at room temperature. MCE is positive over the entire temperature range as is
the case for ferromagnetic materials because of magnetic ordering phenomenon with the
application of the field (Samanta et al., 2007). It can be seen that with increase in Nd
substitution, ASwm versus T curve significantly broadens, reducing the maximum magnetic
entropy change. For the composition with x=0.05, the compound undergoes a FOPT. As
a result, the change of magnetic moment with temperature due to the coupled magneto-
structural transition is quite high around the transition temperature resulting in an
increased MCE. But for the composition with x=0.1 and x=0.2, the compounds undergo
a SOPT and the change of magnetic moment with temperature is gradual. This results in
a reduced MCE in the case of x =0.1 and x=0.2. The RC values obtained for x=0, 0.05,
0.1 and 0.2 for a field change of 50 kOe are 288, 251, 157 and 142 J/kg. The RCP values
obtained for x=0, 0.05, 0.1 and 0.2 for a field change of 50 kOe are 305, 295, 205 and
188 J/kg respectively. It is to be noted that the hysteresis losses defined as the area
enclosed by the ascending and descending magnetization curves has been estimated while
calculating the RCP. The maximum hysteresis losses around Tc for GdsxNdxSi2Ge;
alloys with x= 0, 0.05, 0.1 and 0.2 are 55, 53, 7 and 2 J/kg respectively, when measured
under a field of 50 kOe. The effective RC and RCP has been calculated by subtracting
the hysteresis losses from the calculated RCP. The variation of effective RC and RCP as
a function of field is shown in Figure 4.15. The thermal hysteresis, magnetic hysteresis,

entropy changes and the effective RC and RCP values are tabulated in Table 4.3. The
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RCP value of 295 J/kg obtained for x=0.05, after accounting for the hysteresis losses is

comparable to that obtained for GdsSi>Ge: (305 J/kg) (Provenzano et al., 2004) for a field

change of 50 kOe, making it a promising candidate for near room temperature magnetic

refrigeration. The compounds with x=0.1 and x=0.2 have comparatively less RCP values,

but the operating temperature could be tuned to room temperature suggesting that these

compounds could be used for room temperature magnetic refrigeration applications.
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Figure. 4.14. Isothermal magnetic entropy change (ASwm) of Gds.xNdxSi>Gez (a) x=0, (b)
x=0.05, (c) x=0.1 and (d) x=0.2 as a function of temperature for different field changes.
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Figure 4.15. Variation of effective RC and RCP with field for Gds.xNdxSi>Ge (x=0, 0.05,

0.1and 0.2).

Table 4.3. Transition temperatures, entropy changes, effective refrigerant capacity and
relative cooling power calculated for Gds.xNdxSi>Ge>

X Transition Thermal | Magnetic -ASwm Effective Effective
temperature | Hysteresis | hysteresis (I/kgK) RC RCP
(K) at 50 kOe AH=50 (J/kg) (J/kq)
(J/kg) kOe H=50 kOe | H=50 kOe
0 272 10 60 131 288 305
0.05 275 15 53 12.8 251 295
0.1 300 - 2 7.63 157 205
0.2 294 - - 7.23 143 188

4.3.6. Universal Curve Analysis

A new criterion based on the universal curve has been proposed for determining
the order of phase transition based on the re-scaling of magnetic entropy change curves
(Franco et al., 2006; Dong et al., 2006; Bonilla et al., 2010). The phenomenological
universal curve can be calculated from purely magnetic measurements and results in the
collapse of entropy change curves after a scaling process, regardless of the applied
magnetic field. Hence, the major assumption is based on the fact that if a universal curve
exists, then the equivalent points of the ASm curves measured at different applied fields
should collapse onto the same universal curve. For materials undergoing a second order

phase transition, the rescaled magnetic entropy change for different applied fields
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collapse onto a single curve (Bonilla et al., 2010; Franco et al., 2007; ). However, the
scaling assumptions that underlie this behaviour break down when applied to materials
with first order phase transitions such as DyCoz, HoCoz, and Laz3Ca13MnOs, and the
scaled ASm curves do not follow the universal behaviour (Bonilla et al., 2010). As a result,
the universal curve can be used as a method for distinguishing first and second order
phase transitions. Figure 4.16 shows the universal curve constructions for each sample by

plotting the rescaled entropy change, ASm/ ASm P against the temperature variable, 0

where 0 is defined by
S(T-TH(T -T.) TE<T
0= { c n'c c (4.1)
(T-TH(T,-Te) T=2T¢
Here, the reference temperatures T, and T, are chosen such that
ASy(T,) = ASy (T, ) = AS /2 (4.2)
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Figure 4.16. Normalized entropy change as a function of the rescaled temperature 0 for
(@) x=0, (b) x=0.05, (b) x=0.1 and (c) x=0.2.
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From Figure 4.16, it is evident that the curves do not collapse for x=0 and x=0.05, for
temperatures below Tc, indicating the first order nature of phase transition. As the Nd
concentration increases to x=0.1, the curves collapse on to a single curve which is a
signature of SOPT. In the range, -1< 0 <0, the collapse is real for second order transitions
and is only apparent for first order transitions. For temperatures above Tc, 6 > 0, the
collapse of the curves is due to the paramagnetic behaviour. This is concordant with the
trends observed in the Arrott plots shown in Figure 4.13(e)-4.13 (h). Hence, in the Nd
substituted compounds, a transition from FOPT to SOPT is observed, with increase in Nd
content. This is attributed to the stabilisation of the orthorhombic O(l) phase with increase

in Nd substitution.
4.4. Conclusions

In conclusion, Nd substituted GdsxNdxSi>Ge> alloys with x =0, 0.05, 0.1 and 0.2
have been synthesized by arc melting. The composition with x = 0.05 shows a FOPT from
monoclinic PM phase to O(l) FM phase while the compositions with x = 0.1 and x = 0.2
undergoes a second order magnetic phase transition. The order of magnetic phase
transition is confirmed from the Arrott plots. MCE was calculated from Maxwell’s
relation and were estimated to be 8.5, 7.9, 3.7 and 3.2 J/kg K, respectively, for a field
change of 20 kOe, and 13.6, 12.8, 7.6 and 7.2 J/kg K, respectively, for a field change of
50 kOe. The effective RCP values obtained for x=0, 0.05, 0.1 and 0.2 are 295, 205 and
188 J/kg for a field change of 50kOe. Universal analysis indicate a transformation from
first order to second order with increase in Nd substitution. Significant MCE and large
RCP around room temperature make Nd substituted Gds.x\NdxSi>Ge. potential candidates

for room temperature magnetic refrigeration.
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Chapter 5

Observation of short range ferromagnetic interactions

and magnetocaloric effect in cobalt substituted
Gd5Si2Gez

This chapter discusses the effect of cobalt substitution on the structural, magnetic
and magnetocaloric properties of GdsSi>xCoxGe2 with x = 0, 0.1, 0.2 and 0.4.
Structural studies show that the substituted compounds crystallize in a combination
of GdsSioGe, and GdsSis phases. DC magnetization measurements reveal an
anomalous low field magnetic behaviour indicating a Griffiths-like phase. This
unusual behaviour is attributed to the local disorder within the crystallographic
structure indicating the presence of short-range magnetic correlations and
ferromagnetic clustering, which is stabilized and enhanced by competing intra-
layer and inter-layer magnetic interactions. The magnetostructural transition
results in entropy changes (-45u) of 9 J/kg K at 260 K for x = 0.1, 8.5 J/kg K at
245 K for x = 0.2 and 4.2 J/kg K at 210 K for x = 0.4 for a field change of 50 kOe.
Universal curve analysis has been carried out on the substituted samples to study

the order of the magnetic transition.
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5.1. Introduction

The Gds(SixGe1x)s intermetallic compounds constitute an interesting class of
compounds exhibiting multifunctional properties such as GMCE (*Pecharsky et al., 1997;
bpecharsky et al., 1997), colossal magnetostriction (Morellon et al., 1998), , and
spontaneous generation of voltage (Levin et al., 2001). The unusually strong magneto-
responsive properties in this system is attributed to the first-order magnetostructural
transition from a high-temperature monoclinic (M) PM phase to the low-temperature O(1)
FM phase in the vicinity of the magnetic ordering temperature (Morellon et al., 1998).

The remarkable properties of Gds(SixGe1x)s family is associated with its unique,
intrinsically layered crystal structure built by the stacking of stable two-dimensional
subnanometer-thick slabs of Gd and Si/Ge atoms. The crystallographic phase and the
nature of the magnetic interactions are controlled by a number of interlayer covalent like
Si(Ge)-Si(Ge) bonds connecting the slabs (Choe et al., 1998; Pecharsky et al., 2001;
Pecharsky et al., 2002). In this chapter, we report the observation of short-range
ferromagnetic correlations within the PM matrix, in cobalt substituted GdsSi>Gez. The
substitution of Co at the Si site has a strong influence on the structure and magnetic
properties of GdsSi2Ge2 which is attributed to the stabilization of the O(I) component.
The effect of Co substitution on the magnetocaloric behaviour of GdsSi:Ge; is
investigated and the universal scaling analysis based on magnetic entropy change is also
applied to understand the nature of magnetic transition.

5.2. Experimental details

Polycrystalline ingots of GdsSi>.xCoxGe2 with x=0, 0.1, 0.2 and 0.4 were prepared
by arc melting the constituent elements in a water cooled copper hearth in high purity
argon atmosphere. The purity of the starting elements was 99.9 wt. % for Gd (Alfa Aesar)
and 99.9999 wt. % for Ge (Alfa Aesar), Si (Alfa Aesar) and Co (Alfa Aesar). The ingots
were turned over after each melting and remelted four times to ensure compositional
homogeneity during melting. Weight loss of the samples after the arc-melting process
was estimated to be less than 0.01%. As-cast ingots were sealed in evacuated quartz tubes
and annealed at 1573 K for 1 hour and subsequently quenched in ice water. The crystal
structure of all the samples were analyzed by powder XRD using PANalytical X’pert Pro
diffractometer with Cu-Ka radiation operated at 40 kV and 30 mA at room temperature.

The diffraction measurements were performed in the 20 range 20° to 60° with a step size
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of 0.017°. Rietveld refinement of the diffraction pattern was carried out using GSAS
(General Structure Analysis System)-EXPGUI software (Toby et al., 2001). The low
temperature powder X-ray diffraction measurements were done on an Oxford
Cryosystems closed cycle helium cryostat (Model: PheniX) mounted on a vertical
goniometer in a PANalytical Empyrean powder X-ray diffractometer with
CuKy, and CuK,, radiations for 1 hour in the 20 range 5° to 80° with a step size of
0.017°. The microstructural features were seen under Backscattered secondary electron
(BSE) imaging mode by using scanning electron microscope (SEM) of Carl Zeiss Evo 18
equipped with an energy dispersive X-ray spectroscopy (EDS) system (Oxford EDAX X-
Max™). Qualitative analysis was carried out by EDS to know the chemical composition
of these alloys. Differential scanning calorimetry was performed (PerkinElmer — Pyris 6)
with a scanning rate of 5°C/min under nitrogen atmosphere. Electron spin resonance
(ESR) measurements were obtained using JES — FA200 ESR Spectrometer (ESR-JEOL,
Japan) at selected temperatures between 200 K and 320 K. Magnetization measurements
were made as a function of both temperature and field using a PPMS up to a maximum
field of 50 kOe in a temperature range 100-320 K. MCE was estimated, in terms of
isothermal magnetic entropy change (ASwm), from Maxwell relations described in
Chapterl (Gschneidner et al., 2000; Gschneidner et al., 2005).
5.3. Results and Discussion
5.3.1. Structural Analysis

Figure 5.1 shows the X-ray diffraction patterns of GdsSi>-xCoxGe2 with x=0, 0.1, 0.2
and 0.4 at room temperature. All the compositions crystallize in a mixed state of
monoclinic (M) GdsSi2Ge, phase and O(l) GdsSis phase at room temperature. The
monoclinic GdsSi,Ge> phase has been indexed with ICSD pattern No. 84084 (space group
P1121/a) while the O(l) GdsSis structure has been indexed with ICSD pattern no. 84083
(space group Pnma). A small fraction of hexagonal (Hex) GdsSiz secondary phase is also
present in our samples and has been indexed with ICSD pattern No. 99641 (space group
P63/mcm). Rietveld refinement results shown in Figures 5.2-5.5 confirms the presence of
monoclinic, O(l) and hexagonal phases in GdsSi>-xCoxGez with x=0, 0.1, 0.2 and 0.4. The
lattice parameters extracted along with refinement parameters are summarized in Table
5.1. The presence of the secondary GdsSis phase has been confirmed from SEM and EDS

analysis of the samples and more details are discussed in the next section.
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Figure 5.4. Rietveld refined XRD pattern of GdsSi18C00.2Ge>.
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Figure 5.5. Rietveld refined XRD pattern of GdsSi1.6C00.4Ge3.

Table 5.1. Lattice parameters, unit cell volume, and reliability factors from the Rietveld

refinement of GdsSi>xCoxGez with x=0, 0.1, 0.2 and 0.4.

o~ Crystal Space Lattice parameters Residual
g = | Structur group Parameters
g e a b c Y Volume Rwp Rp
" @ | A | A | e | A | % |
M P112i/a | 7.55(1) | 14.75(1) | 7.75(1) | 93.12(5) | 862.28(6)
f o(1) Pnma | 7.66(2) | 14.62(1) | 7.53(1) 90 844.38(1) | 1.56 | 1.17
s H P6a/mcm | 8.35(1) | 8.35(1) | 6.48(1) 120 391.22(7)
— M P112i/a | 7.58(1) | 14.79(1) | 7.77(1) | 93.12(5) | 869.44(6)
f o(1) Pnma | 7.59(2) | 14.57(4) | 7.64(2) 90 844.68(2) | 2.16 | 154
s H P6s/mem | 8.35 (1) | 8.35(1) | 6.48(1) 120 391.27(6)
~ M P112i/a | 7.58 (1) | 14.79(1) | 7.77(1) | 93.22(1) | 870.38(5)
f o(l) Pnma | 7.49 (4) | 14.69(1) | 7.76(4) 90 853.96(5) | 2.25 | 1.56
o H P6s/mcm | 8.35 (1) | 8.35(1) | 6.48(2) 120 391.59(1)
-« M P112i/a | 7.58 (1) | 14.80(1) | 7.76(1) | 93.21(4) | 871.27(5)
f o(1) Pnma | 7.76(3) | 14.78(4) | 7.78(1) 90 868.15(4) | 1.96 | 1.41
w H P6s/mcm | 8.58(1) | 8.58(1) | 6.27(3) 120 399.36(3)

Page | 106




Effect of Cobalt substitution in GdsSi>.xCoxGe>

Figure 5.6 shows the XRD patterns of GdsSi19C00.1Ge, compound at various
temperatures in between 200 K and 300 K. At room temperature, the alloys exists in a
combination of monoclinic, O(l) and hexagonal phases. As the temperature is decreased
from 300 K, it can be seen that O(l) phase starts dominating in the system. This is evident
at 255 K. The appearance of the peak corresponding to (230) at 30° at 255 K shows the
presence of O(l) phase while the complete disappearance of the peak corresponding to
(2-31) at 31.13° at 240 K shows the complete structural transformation of mixed M+O(l)
phase to a single O(l) phase. The refined XRD patterns for 300 K and 200 K are shown

in Figure 5.7 and the parameters extracted from the refinement are tabulated in Table 5.2.
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Figure 5.6. Temperature dependent XRD patterns of GdsSi>-xCoxGe, with x=0.1.
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Figure 5.7. Temperature dependent XRD of GdsSi>xCoxGe2 with x= 0.1 at (a) 300 K
and (b) 200 K.

Table 5.2. Lattice parameters and reliability factors from the Rietveld refinement of

GdsSi1.9Co00.1Ge; at 300 K and 200 K.

GdsSi1.9C00.1Ge2 300 K 200 K
Crystal
Structure M+ Ol +H o
Space group P112;/a + Pnma + P6s/mcm Pnma
Lattice Parameters
a(A) 7.58(1) 7.59(2) 8.35(1) 7.50(4)
b(A) 14.79(1) | 14.57(4) 8.35(1) 14.74(1)
c(R) 7.77(2) 7.64(2) 6.48(1) 7.77(0)
v(deg) 93.12(5) 90 120 90
Volume(A)3 869.44(6) | 844.68(2) 391.27(6) 859.37(7)
Residual Parameters
Rwp% 2.16 4.97
Rp% 1.54 3.44
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5.3.2. SEM and TEM Analysis

The BSE micrographs of cobalt substituted GdsSi>Ge: alloys are shown in Figures
5.8-5.10. The microstructures of the cobalt containing alloys display a multi-phase nature
showing the presence of a brighter Gds(Si,Ge)s matrix phase (5:4-type with M + O(l)
phases) along with darker Gds(Si,Ge)s (5:3-type) secondary phase. Elemental mapping
analysis has been performed on all the samples and the results are presented in Figures
5.8-5.10. The EDS spectra of the matrix phase and darker grain boundary region for x=0.1
is shown in Figure 5.11. Elemental mapping reveals that cobalt is completely absent in
the matrix phase but segregated into the grain boundary. The grain boundary phase is
enriched with Si and Co as can be seen from Figures 5.8-5.10. The complete absence of
Co in the dominant matrix phase 5:4, suggests that cobalt does not dissolve in the matrix
but is primarily accumulated in the secondary 5:3 phase. A similar result has been
observed for Fe substitution in Gds(SixGe1-x)4 (Provenzano et al., 2001; Raj Kumar et al.,
2009; Raj Kumar et al., 2010) and ThsSi>Ge; (Pereire et al., 2011) wherein the substituted
iron does not dissolve in the matrix but combines with silicon forming secondary phases.
These results suggest that upon cobalt addition, it primarily combines with silicon giving
rise to a grain boundary phase enriched with silicon and cobalt. The EDS results are
summarized in Table 5.3. Moreover, the EDS results indicate that the 5:4 phase contains
a greater concentration of Ge which results in the increase of lattice volume of the matrix
phase (M + O(1)) with increase in Co substitution. This is concordant with our Rietveld
refinement results shown in Table 5.1. From the SEM images, it is quite difficult to
distinguish the presence of monoclinic and O(l) phases. Hence, to have a better
understanding of the different matrix phases, we have carried out the High-Resolution
Transmission electron microscopy (HRTEM) analysis on the substituted samples GdsSi»-
xCoxGez with x= 0, 0.1, 0.2 and 0.4 and the results are depicted in Figure 5.12.

Page | 109



Effect of Cobalt substitution in GdsSi>.xCoxGe>

Figure 5.8. Backscattered SEM images of GdsSi>.xGe2Cox alloys for (a) x=0.1 at low
magnification (b) x=0.1 at high magnification (c) Gd mapping (d) Si mapping (e) Ge
mapping and (f) Co mapping [Matrix phase is 5:4-type, Dark phase is 5:3-type].

Figure 5.9. Backscattered SEM images of GdsSi».xGe2Cox alloys for (a) x=0.2 at low
magnification (b) x=0.2 at high magnification (c) Gd mapping (d) Si mapping (e) Ge
mapping and (f) Co mapping [Matrix phase is 5:4-type, Dark phase is 5:3-type].

Page | 110



Effect of Cobalt substitution in GdsSi>.xCoxGe>

Figure 5.10. Backscattered SEM images of GdsSi>xGe2Cox alloys for (a) x=0.4 at low

magnification (b) x=0.4 at high magnification (c) Gd mapping (d) Si mapping (e) Ge
mapping and (f) Co mapping [Matrix phase is 5:4-type, Dark phase is 5:3-type].

() ®) @

0

Full Scale 5881 cts Cursor: 0.000

Figure 5.11. (a) Backscattered Electron image of x=0.1 in (a) the dark grain boundary
region and (b) corresponding EDS spectra (¢) Matrix phase and (d)corresponding EDS
spectra.
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Table 5.3. Compositions of GdsSi>xCoxGez with x= 0.1, 0.2 and 0.4 determined by EDS

analysis. The estimated error in determining the concentration of each element is 0.1 at%.

X Phase Composition (at %) Phase
Gd Si Ge Co type
Matrix 55.08 22.13 22.79 - 5:4
0 | Grain Boundary 62.03 22.28 15.9 - 5:3
phase
0.1 Matrix 55.13 20.53 24.34 - 5:4
Grain Boundary 62.06 21.24 15.74 0.96 5:3
phase
0.2 Matrix 55.48 20.5 24.02 - 5:4
Grain Boundary 62.53 20.98 14.48 2.01 5:3
phase
0.4 Matrix 55.93 20.36 23.71 - 5:4
Grain Boundary 62.87 19.96 13.39 3.78 5:3
phase

The dominant planes seen in the high-resolution bright field images matches with the
planes of the monoclinic and O(l) phases. The d spacing of these planes measured from
the TEM images match with the calculated values of the corresponding planes. SAED
patterns recorded shows a spotty nature. The d values corresponding to these spots and

the corresponding SAED patterns are indexed as shown in Figure 5.12.
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Figure 5.12. HRTEM images of the samples GdsSi>.xCoxGez with (a) x= 0.1, (b) x=0.2
and (c) x=0.4 (An enlarged view of the lattice plane is also shown for x=0.4). Inset shows
the corresponding FFTs. SAED patterns obtained for (d) x= 0.1, (¢) x=0.2 and (f) x=0.4
(circles are a guide to the eye, white circle indicate planes corresponding to GdsSi>Ge>
phase and green circles indicate planes corresponding to GdsSi4 phase ).

5.3.3. DSC Measurements

Figure 5.13 shows the DSC curves of GdsSi>2xCoxGez with x= 0.1, 0.2 and 0.4
during heating and cooling cycles. During heating, all the compounds show an
endothermic dip, and an exothermic peak on cooling. The dips at 259 K, 248 K and 227
K for x=0.1, 0.2 and 0.4 during heating is attributed to a FOPT from an O(I) phase to a
monoclinic phase (Fu et al., 2006). Furthermore, it can be noted that the phase

transformation is completely reversible during the following cooling cycle. XRD,

Page | 113



Effect of Cobalt substitution in GdsSi>.xCoxGe>

together with DSC results, indicate that GdsSi>xCoxGez samples with x= 0.1, 0.2 and 0.4
undergoes a first-order structural phase transition on temperature change. The transition

temperatures decrease with an increase in Co content up to x = 0.4.
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Figure 5.13. DSC scans of GdsSi2>-xCoxGe2 samples with (a) x= 0.1, (b) x= 0.2 and (c) x=
0.4.
5.3.4. Magnetic characterization

Figure 5.14 shows the temperature dependent magnetization (M-T) data taken in the
Field-Cooled-Cool (FCC) and Field-Cooled-Warm (FCW) modes in an applied field of
500 Oe for x=0.1, 0.2 and 0.4. Two transitions are observed in the magnetization data for
both the samples. For x=0.1, the first one at 292 K indicates a second order phase
transition from O(l) FM phase to O(1) PM phase on heating. The second transition occurs
at 255 K and it is a first order transition from O(l) FM phase to monoclinic PM phase as
is evident from the hysteresis between the FCC and FCW data on heating. Similarly, for
x=0.2, the first transition at 291 K corresponds to a second order magnetic phase transition
while the second transition at 240 K is a first-order structural phase transition induced by
magnetic field. The M-T results are concordant with our XRD results showing the
presence of two phases coexisting in the system at room temperature giving rise to two
sets of phase transitions in the system. The decrease in Curie temperature with cobalt
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substitution could be attributed to the change in the Si:Ge ratio of the matrix phase as

evident from the EDS results.
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Figure 5.14. M-T curves of GdsSi>xCoxGez with x=0, 0.1, 0.2 and 0.4 alloys measured
in a magnetic field of 500 Oe during FCC and FCW processes.

M-T measurements have also been carried out in the substituted samples at
different fields of 100 Oe, 500 Oe, 1000 Oe, 5000 Oe and 10000 Oe and are shown in
Figure 5.15(a)-5.15(c). The smearing out of phase transitions at higher magnetic fields is
clearly visible which is due to the masking of the FM signal by the rising PM background
(Deisenhofer et al., 2005). Figure 5.15(d)-5.15(f) shows the inverse susceptibility () at
different fields of 100 Oe, 500 Oe, 1000 Oe, 5000 Oe and 10000 Oe. At higher
temperatures, the linear behavior of y* with temperature indicates that ™ obeys the
Curie-Weiss (CW) law, M/H=C/(T-6p). At large applied magnetic fields, the FM
component is suppressed in the PM matrix, and the CW law is obeyed throughout the PM
region and yields a PM Weiss temperature, 0p 0f 260 K, 264 K, 234 K respectively for
x=0.1, 0.2 and 0.4. The positive value of 6p indicates that FM interactions are dominant

in this compound. A clear deviation from CW behavior is observed for a small applied
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magnetic field below a particular temperature. This is similar to the previous observations
in Griffiths like phases (Magen et al., 2006; Pereira et al., 2010; Ouyang et al., 2010).
The temperature of deviation is denoted as the Griffiths temperature Tg, and is shown in
Figure 5.15(d)-5.15(f). The downturn below Tg is a signature of GP, a unique feature
exhibited by magnetic materials which show a strong correlation between structural and
magnetic properties. This is usually reflected as a downturn in ¥ as a function of
temperature above Tc. On increasing the magnetic field, the anomaly in ! is suppressed
and becomes nearly indistinguishable from the values at high temperature. It can be seen
that with an increase in Co concentration to 0.4, the GP are not suppressed even at 10000
Oe, suggesting that higher fields are necessary for their complete suppression.

In the original model, Griffiths considered the percolative nature of a random
Ising ferromagnet having nearest neighbor exchange interaction with strength J and 0
distributed randomly with probability p and 1 - p, respectively. That is, above the
ferromagnetic transition point in a disordered system, there is always a finite probability
of finding an arbitrary large ferromagnetic cluster. For p<pc, there is no long-range FM
order. Here pcis the precolative threshold. Above pc, the FM phase exists in a weakened
form by the shortage of percolation path and hence, thermal fluctuations will destroy the
FM phase at a temperature Tc, which is lower than the magnetic ordering temperature
(Tg) of the undiluted/pure FM system. The region, Tc < T < Tg, where the system is
characterized by the coexistence of FM clusters within the PM matrix, is referred to as
the Griffiths phase regime. In this temperature regime, ¥ could deviate from its expected
Curie-Weiss linear behaviour. This deviation starts, exactly at Tg, on cooling the diluted
system, as if the system somehow recalled that its magnetic ordering temperature was Tg
before it became diluted (Griffiths, 1969; Bray, 1987; Vojta, 2006). The basic
characteristic of the GP regime (Tc < T < Tg) is that in this regime due to the absence of
long-range FM order, the spontaneous magnetization is zero (Sampathkumaran et al.,
2007).
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Figure 5.15. M-T curves of GdsSi>xCoxGe2 with (a) x= 0.1 (b) x=0.2 and (c)x=0.4 alloys
measured at different fields of 100 Oe, 500 Oe, 1000 Oe, 5000 Oe and 10000 Oe and
Figure 5.15. (d-f) shows the corresponding y* versus T curves. Inset shows the Curie-
Wiess Fit

In the classical Griffiths model, the exchange bonds are broken randomly but,

150

being broken, they remain fixed relative to the crystallographic lattice. Similar
observations have been made in substituted manganites. In the case of substituted
manganites, GP arises mainly due to two reasons: size mismatch and due to the change
in the nature of the double exchange interaction between Mn®-Mn* due to the
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introduction of new cations at the A site. For example, in La1.xBxMnO3z where B=Ca, Sr,
Ba, (Deisenhofer et al., 2005; Jiang et al., 2008) the source of the disorder is the random
substitution of La®* by ions with different sizes and valence states. The probability p, for
the existence of a FM bond increases with x, because the increasing number of Mn3*-
Mn**pairs enhances the double-exchange (DE) driven FM interaction. Because of the
static Jahn-Teller (JT) distortion of the Mn®* ions, the non-JT active Mn** jons and the
FM bonds can be regarded as fixed within the lattice resulting in quenched disorder,
which results in the development of the GP (Krivoruchko et al., 2010; Krivoruchko et al.,
2014).

In Rs(SixGe1x)s (R=rare earth), the appearance of this regime is attributed to the
strong interplay between structure and magnetism present in these materials. Their
complex nanostructured crystalline structure is formed by the stacking of rigid two
dimensional slabs of R and T=Si/Ge. At the interface between these two building blocks,
the formation/rupture of Si(Ge)-Si(Ge) dimers linked through covalent bonds occur. The
actual crystallographic phase and nature of the magnetic interactions are controlled by the
number of inter-layer covalent-like T-T bonds connecting the slabs, which results in the
development of two different magnetic interactions in the system. The intra-slab magnetic
exchange interaction, Jintra is ruled by the conventional 4f-4f Ruderman-Kittel-Kasuya-
Yosida (RKKY) indirect exchange, and the inter-slab magnetic interactions Jinter are
influenced by an additional R-T-T-R superexchange interaction via the existing T-T bonds
(®Pecharsky et al., 2002). The intra-layer magnetic structure is essentially FM. On the
other hand, depending on the number of inter-slab pairs which are covalently bonded
(Pereira et al., 2010), the inter-layer coupling tends to be either FM or AFM. Hence, in
Rs(SixGe1x)a compounds, GP originates from the local disorder within the
crystallographic lattice, which is stabilized and enhanced by the competing inter-layer
and intra-layer magnetic interactions. The disorder is linked to the percolation mechanism
where, Ge substitution for Si results in the breakdown of FM order. When Ge is absent,
or its concentration is such that x > x, ( Xp is defined as the critical Si concentration), the
system stabilizes in the O(l) structure where all the inter-slab bonds are formed and the
system has a FM character. At x = Xp, the Ge atoms start substituting Si atoms at the inter-

slab sites, i.e., the system becomes more diluted. This promotes an increase in the distance
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between consecutive slabs due to the higher atomic radius of Ge and the inter-slab
covalent bonds begin to break leading to the destruction of the FM order and a decrease
of the magnetic exchange energy resulting in a decrease in Tc. When a critical Ge
concentration limit is reached (Xxc), the RKKY interaction becomes negative and
consequently, the antiferromagnetic state becomes the most stable one as beyond X, it is
not possible to achieve long-range FM order. The existence of the two competing
interactions Jintra and Jinter leads to the enhancement of the FM short-range correlations.
Hence, it can be stated that in Rs(SixGe1-x)s compounds exhibiting GP, there is a strong
competition between the M and O(l) phases. In the case of Co substituted GdsSi>-xCoxGe:
compounds, the substitution of Co at the Si site results in the decrease of Si concentration
in the system resulting in more dilution of the system. With increase in Co substitution,
there is an increase in the O(l) component. As a result, due to the presence of two different
phases coexisting in the system, nanometric regions of orthorhombic character with
strengthened FM interactions are likely to be formed. These nanometric clusters with
enhanced FM interactions are responsible for the appearance of GP. The decrease in Tc
with Co substitution is attributed to the increase in Ge concentration in the matrix phase,
which results in the rupturing of inter slab bonds due to the large size of Ge resulting in
the decrease of magnetic exchange interactions and consequently a decrease in Tc is
observed.

Usually, the susceptibility of a GP at low fields follows the power law

. ) l_ 1\
% (T) (TR 1] (5.1)

Cc
where A is the magnetic susceptibility exponent (0 <X < 1) and TcR is the random critical
temperature (Pereira et al., 2010; Ouyang et al., 2010). TcR is taken as the temperature
for which the equation yields a A (A pm) Value close to zero above Tg. The linear part of
the plot In (x%) vs In(T/TCR -1) is fitted with the power law, and the estimated
susceptibility exponent values are shown in Figure 5.16. The value of A lies in between 0
and 1 and decreases with increase in the field, a signature of GP. This behaviour is seen
in similar compounds such as ThsSi>Ge> (Pereira et al., 2010) and GdsGes (Ouyang et al.,
2006) typical of short-range FM clusters in a PM matrix and is the hallmark of Griffith’s
singularities. As the Co substitution increases from x=0.1 to x=0.4, it can be seen that the
value of A also increases from 0.54 to 0.79 for 100 Oe and 0.31 to 0.61 for 10000 Oe
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clearly suggesting an increase in the FM component within the PM matrix with Co

substitution. The increase in the value of A for Co substituted samples suggests an increase

in the strength of GP. However, a thorough understanding of these short-range

correlations would require small angle neutron scattering or muon spin rotation

measurements (Sampathkumaran et al., 2007).
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5.3.5. ESR studies

ESR is an effective tool to probe the local and microscopic magnetic states of
materials. The ESR spectra of GdsSi19Co0.1Ge2 were recorded at various temperatures
and is presented in Figure 5.17 as a representative of the series. It can be seen that the
ESR spectrum is asymmetrically distorted below Tc. The temperature-dependent ESR
results show that at high temperatures T=320 K, the spectra shows only one resonance
with a well-characterized Lorentian line shape. In the intermediate temperatures 240 K<
T< 293 K, there are two rather distinct lines and at low temperatures T <240 K, the
paramagnetic resonance peak vanishes completely. When approaching Tc, the ESR
spectra show a small shift toward higher fields and becomes less asymmetrical. Above
Tc, however, the spectra broaden and become more symmetrical with increasing
temperature (Oates et al., 2002; Pires et al., 2005; Pires et al., 2006). The spectrum at 320
K shows a single resonance line with a Lorentzian shape at resonance field of 323 mT.
When the temperature is lowered further, two resonance peaks appear, one at the higher
resonance field corresponds to a PM phase and the other at a lower field corresponds to
the FM phase. This is due to the appearance of short-range spin ordering or FM magnetic
clusters between Tg and Tc. As the temperature is decreased further, FM correlations
grow at the expense of PM interactions and a complete PM—FM transition occurs below
~280 K. This is designated by the shift of the shoulder toward further lower-field region

of the spectrum,

200 K

— 240K

/\_,\/’/_

©

=
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Figure 5.17. Temperature dependent ESR spectra of GdsSi>-xCoxGe, with x=0.1.
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5.3.6. Magnetocaloric effect

Isothermal magnetization measurements were carried out in the temperature range of
200—320 K with a temperature interval of 5 K for the alloy samples with x=0.1, 0.2 and
0.4. The field was swept from 0-50 kOe and back to 0 Oe for M-H measurement at
a particular temperature, and the results are shown in Figures 5.18(a)-5.18(c). It can be
noted from Figures 5.18(a)-5.18(c) that, there is a considerable magnetic hysteresis in the
vicinity of the ordering temperature. This hysteresis is due to a field induced first order
crystallographic phase change from monoclinic PM phase to O(l) FM phase. The field-
induced phase transition reverses upon decreasing the field, suggesting the reversible
character of the structural transition, at which the structure of the alloy returns to its initial
state once the magnetic field is completely removed (Shull et al., 2006). It can be seen
that the hysteresis is maximum in the vicinity of Tc, where the structural transition occurs.
However, it should be noted that in addition to FOPT, second order phase transition
(SOPT) is also present in the system as is evident from the M-T curves. The XRD results
also confirm the co-existence of monoclinic and O(l) phases in the system. It can be seen
that with increase in Co concentration, there is a reduction in the thermal hysteresis. This
is attributed to the increase in the O(I) component, which is responsible for reducing the
first order nature of the phase transition. Thus, Co substitution at the Si site in GdsSi>Ge>
favors the formation of the O(l) phase, thereby reducing the hysteresis loss. The Arrott
plots (M? versus H/M) for all the compositions with x=0.1, 0.2 and 0.4 are plotted in
Figure 5.18(d)-5.18(f). The order of magnetic transition can be determined from the slope
of the isotherm plot (Banerjee et al., 1964). The negative slope in the Arrott plots is a
clear indication of the presence of first-order phase transition in these compounds while
a positive slope corresponds to a second order transition. For x=0.1 and x=0.2, the Arrott
plots indicate a negative slope confirming that first order nature of phase transition is
present while for x=0.4, the Arrott plots clearly show the transformation from first order
to second order. Hence, it can be acclaimed that as Co concentration increases, the
compounds mainly stabilise in the O(1) phase indicating that second order transition is

more likely to take place.
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Figure 5.18. Field dependence of magnetization at different temperatures for
GdsSiz2-xCoxGe2 (a) x=10.1, (b) x=0.2 and (c) x=0.4 and the Arrott plots for (d) x=10.1,

(e) x=0.2 and (f) x=0.4.

MCE in these compounds has been evaluated from the isothermal magnetization data

using the thermodynamic Maxwell relations (Chapterl). Figures 5.19 (a)-5.19 (c)
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represent the change in magnetic entropy (ASwm) as a function of temperature under
different magnetic fields for x= 0.1, 0.2 and 0.4 respectively. All the curves show a broad
maximum of -ASw around their respective Tc. The value of -ASwm peak increases with the
field and the peak position remain nearly unaffected. Under a magnetic field variation of
50 kOe, the maximum magnetic entropy change for GdsSi>.xCoxGe> are 9, 8.5 and 4.2
J/kg K for x=0.1, 0.2 and 0.4 respectively. It can be seen that with increase in Co
substitution, the -ASm peak broadens. Also, there is a reduction in the magnetic entropy
change with increase in Co substitution. This is attributed to the presence of combined
phases in the system and the increase of the O(l) component with increase in Co
concentration. MCE is positive over the entire temperature range as in the case for FM
materials because of magnetic ordering phenomenon with the application of the magnetic
field (Samanta et al., 2007). However, it can be seen that even though there are two
transitions in the magnetization measurements, the magnetic entropy change is
concentrated only in the vicinity of the first order transition region. This suggests that the
entropy change associated with the second order phase transition is negligible and the
isothermal entropy change is maximum around the first order transition region.

The RC and RCP has been calculated using equations (1.25) and (1.26) described
in Chapter 1. The RC values obtained for x= 0.1, 0.2 and 0.4 for a field change of 50 kOe
are 200, 185 and 75 J/kg. The RCP values obtained for x= 0.1, 0.2 and 0.4 for a field
change of 50 kOe are 257, 204 and 106 J/kg respectively. It is to be noted that the
hysteresis loss has been accounted while calculating the effective RC and RCP. The
variations of effective RC and RCP as a function of field are shown in Figure 5.19 (d).
The transition temperatures of the M and O(l) phases, thermal hysteresis, magnetic
hysteresis, entropy changes, and the effective RC and RCP values are tabulated in
Table 5.4. Co substituted compounds exhibit much higher RCP values and their operating
temperature could be tuned to the desired temperature, suggesting that these compounds

could be used for sub-room temperature magnetic refrigeration applications.
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effective RC and RCP with field for GdsSi2-xCoxGe2 with x=0.1, 0.2 and 0.4.

Table 5.4. Transition temperatures, thermal hysteresis, magnetic hysteresis, entropy

changes, effective refrigerant capacity, and relative cooling power calculated for GdsSi»-

xCoxGe2
x | Transition Thermal | Magnetic -ASwm Effective | Effective
temperature | Hysteresis | Hysteresis | (J/kgK) RCP RC
(K) at50 kOe | AH=50 (J/kg) (J/kg)
(J/kQg) kOe H=50 kOe | H=50 kOe
0.1 255 5 35 9 257 200
0.2 240 5 24 8.5 204 185
0.4 210 4 10 4.2 106 75
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5.3.7. Universal Curve Analysis

The Universal curves depicted in Figures 5.20(a)-5.20(c) show a transformation
of phase transition from first order to second order. In Figure 5.20., it is evident that the

curves do not collapse, for temperatures below Tc, indicating the first order nature of
phase transition.
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Figure 5.20. Normalized entropy change as a function of the rescaled temperature 6 for
(@) x=0.1, (b) x=0.2 and (c) x=0.4.
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For x=0.1, the divergence of the curves above the Tc is evident. As the cobalt
concentration increases to x=0.4, a gradual trend towards collapse can be seen which
corresponds to the weakening of the first order transition. This is concordant with the
trends observed in the Arrott plots shown in Fig. 5.18(d)-5.18(f). In the range, -1< 6 <0,
the collapse is real for second order transitions and is only apparent for first order
transitions. For temperatures above Tc, it can be seen that the curves do not collapse for
0> 0. For 6 > 0, the collapse of the curves is due to the paramagnetic behaviour. However,
in the case of cobalt-substituted compounds, Griffiths-like phases exist in the system
indicating the presence of FM clusters in the PM matrix. Hence, the universal curves of
the cobalt-substituted samples do not collapse for temperatures above Tc i.e. 6 > 0

indicating that some ferromagnetic clusters exist in the PM matrix above Tc.

5.4.Conclusion

In summary, the influence of Co substitution on polycrystalline samples of GdsSi-
xCoxGez with x=0, 0.1, 0.2 and 0.4 has been investigated. X-ray diffraction studies
together with ESR and magnetization measurements reveal a mixture of M and O(l)
crystal structures at room temperature. Low field magnetization data taken in FCC and
FCW mode shows the presence of two transitions, a FOPT and a SOPT for x=0, 0.1, 0.2
and 0.4. The structural transition is marked by a significant hysteresis between FCC and
FCW measurements. The maximum -ASwm for GdsSi>xCoxGe are 9, 8.5 and 4.2 J/kg K
for x=0.1, 0.2 and 0.4 for a field change of 50 kOe. The presence of Griffiths-like phase
has been established, which can be a consequence of the strong correlation between the
magnetic and atomic lattices and constitutes a fingerprint for strong magneto-responsive
properties in this family of compounds. Universal curve analysis reveal a weakening of

first order transition with increase in Co concentration.
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Chapter 6

Understanding the role played by cobalt and iron in
tuning the structural and magnetocaloric properties of
GdsSi17Gez s

The chapter discusses the effect of transition metals, Co and Fe substitution on the
structural, magnetic and magnetocaloric properties of GdsSi1.7Ge23xTMx with
TM=CoandFeand x=0,0.1, 0.2,0.3 and 0.4. Reduction of magnetic transition
temperature Co substitution was reported in Chapter5. However by tuning Si:Ge
ratio and getting the composition GdsSi1.7Ge2.3xCox, it is possible to increase the
magnetic transition temperature from 243 K to 283 K with an entropy change
(-4Swm) of 12.8, 14.5, 10.4 and 5.8 J/kg K for x=0.1, 0.2, 0.3 and 0.4 respectively,
for a field change of 50 kOe. Iron substitution changes the magnetic transition
temperature from 247 K to 287 K with an entropy change (-45u) of 11.2, 12.7, 8.3
and 7 J/kg K for x=0.1, 0.2, 0.3 and 0.4 respectively, for a field change of 50 kOe
in GdsSi17Ge23xFex. Universal curve analysis has been carried out on the

substituted samples to study the order of the magnetic transition.
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6.1. Introduction

The discovery of GMCE in GdsSi.Ge; (Pecharsky et al., 1997) led to an extensive
research on Gds (SixGe1-x)sacompounds to increase the ASm and ATaq to room temperature.
Research on Gds(SixGei1x)s compounds are of special interest owing to the existence of
a strong correlation between its crystal structure and magnetic properties (Pereira et al.,
2010; Morellon et al.,1998). In the present chapter, we report the increase in Curie
temperature of GdsSi17Gez 3 alloys with the substitution of transition metals such as Co
and Fe. The substitution of Co and Fe has a strong influence on the structure and magnetic
properties of GdsSii7Gex3. The effect of transition metal substitution on the
magnetocaloric behaviour of GdsSi1.7Gez3is also investigated and the universal scaling
analysis based on magnetic entropy change is also applied to understand the nature of

magnetic transition.

6.2. Experimental details

Polycrystalline ingots with the nominal composition of GdsSii7Gezs,
GdsSi17Ge23xTMx (TM = Fe and Co) with x =0, 0.1, 0.2, 0.3 and 0.4 were prepared by
arc melting the constituent elements in a water cooled copper hearth under high purity
argon atmosphere. The samples with cobalt content x=0, 0.1, 0.2, 0.3 and 0.4 are labelled
as GdsSi17Gez3, Co00.1, Co0.2, Co0.3 and Co00.4 and the samples with Fe content are
labelled as Fe0.1, Fe0.2, Fe0.3, and Fe0.4 respectively. The details of sample preparation
have already been discussed in Chapter 4. All the samples were finely ground and
subjected to X-ray powder diffraction using PANalytical X’pert Pro diffractometer with
Cu-Ka radiation operated at 40 kV and 30 mA at room temperature. The diffraction
measurements were performed in the 20 range 20° to 60° with a step size of 0.017°.
Rietveld refinement of the diffraction patterns was carried out using GSAS-EXPGUI
software. Magnetization measurements were made as a function of both temperature and
field using a Physical Property Measurement System [Quantum Design, Dynacool] up to
a maximum field (H) of 50 kOe in a temperature range 100-320 K. MCE was estimated

from magnetization measurements taken from PPMS (Gschneidner et al., 2005).
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6.3. Results and Discussion
6.3.1. Structural and Microstructural Analysis of Cobalt substituted GdsSi1.7Gez.3
6.3.1.1 Structural Analysis

The XRD patterns of GdsSi1.7Gez3, C00.1, Co0.2, Co0.3 and C00.4 are shown in
Figure 6.1. The samples GdsSi1.7Gez 3, C00.1, Co0.2 and C00.3 crystallize in a mixed state
of monoclinic (M) GdsSi>Gez phase, O(I) GdsSis phase at room temperature and
hexagonal GdsSis phase, while the composition with higher Co content crystallizes in O(l)
phase. The monoclinic GdsSi-Ge; phase has been indexed with ICSD pattern No. 84084
(space group P1121/a) while the O(1) GdsSisstructure has been indexed with ICSD pattern
no. 84083 (Space group Pnma). The hexagonal GdsSiz phase has been indexed with ICSD
pattern No. 99641 (space group P6z/mcm). Rietveld refinement of all the compositions
has been carried out and the results are shown in Figures 6.2 -6.6. The refinement results
confirm the presence of monoclinic and O(l) phases in GdsSi1.7Ge23, C00.1, C00.2 and
C00.3. Co0.4 crystallizes in O(l) phase only. The lattice parameters extracted along with

refinement parameters are summarized in Table 6.1.
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Figure 6.1. XRD patterns of GdsSi17Gez3, Co00.1, C00.2, Co0.3 and Co0.4 at room

temperature.
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Figure 6.2. Rietveld refinement of GdsSi1.7Gez 3.
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Figure 6.3. Rietveld refinement of GdsSi17Ge23-xCox with x=0.1 (Co0.1).
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Figure 6.4. Rietveld refinement of GdsSi17Ge2.3-xCox with x=0.2 (C00.2).
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Figure 6.5. Rietveld refinement of GdsSi1.7Ge2.3-xCox with x=0.3 (C00.3).
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Figure 6.6. Rietveld refinement of GdsSi17Ge23.xCox with x=0.4 (Co0.4).
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Table 6.1. Lattice parameters, unit cell volume, and reliability factors from the

Rietveld refinement of Cobalt substituted GdsSii.7Gez.3.

a b c Y Volume Rwp Rp
A) A) A) (deg) (A)? % %

M Pl112i/a  7.59(1) 14.82(1) 7.78(1) 93.09(5) 872.25(1)

344 265
o(1) Pnma  7.58(2) 1458(5) 7.61(2) 90  843.16(1)

H P6/mcm  8.34(1) 8.34(1) 6.47(1) 120  391.19(7)

M P112:1/a  7.60(1) 14.83(1) 7.79(1) 93.19(5) 874.25(1)

344 265
o(1) Pnma  7.59(2) 14.60(5) 7.63(2) 90  843.36(1)

H P6s/mcm  8.35(1) 8.35(1) 6.49(1) 120  391.22(7)

M P1121/a  7.60(1) 14.84(1) 7.80(1) 93.21(1) 874.39(1)

326 253
o(1) Pnma  7.59(4) 14.75(1) 7.58(4) 90  845.9 (1)

H P6/mcm  8.37(3) 837(1) 6.48(2) 120  392.67(1)

M P1121/a  7.61(1) 14.84(2) 7.80(1) 93.23(1) 874.76(1)

O(l)  Pnma  7.55() 14.76(4) 7594) 90  8446@2) -2 24

H P6/mcm  8.37(2) 837(2) 6.49(2) 120  392.85(1)

o(1) Pnma  7.50(3) 14.74(4) 7.76(1) 90  857.72(5)

H Pésmcm 850(1) 850(1) 6.34(2) 120 396.79(1) 410 313

6.3.1.2.Microstructural Analysis

The microstructures of cobalt substituted GdsSi17Gez 3 alloys were examined using
BSE micrographs. Figure 6.7 shows the BSE images of C00.1. The microstructures of
the cobalt containing alloys display a multi-phase nature showing the presence of a
brighter Gds(Si,Ge)s matrix phase (5:4-type with M + O(l) phases) along with darker
Gds(Si,Ge)s (5:3-type) secondary phase. Elemental mapping analysis has been performed
on all the samples and the result for Co0.1 has been included in Figure 6.7. Elemental
mapping reveals the absence of cobalt in the matrix phase. The grain boundary phase is
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enriched with Si and Co as can be seen from Figure 6.7. The segregation of Fe into the
grain boundary was explained by Provenzano et al., 2001; Raj Kumar et al., 2009; Raj
Kumar et al., 2010 in Gds(SixGe1-x)s series and Pereire et al., 2011 in ThsSi>Gez. In a
similar manner, cobalt addition results in the segregation of Co into the grain boundary
where it combines with silicon to form GdsSiz phase. The EDS results for all the

compositions are summarized in Table 6.2. The increase in lattice volume with Cobalt

substitution is attributed to the increase in Ge content of the matrix phase as revealed by
the EDS results in Table 6.2.

Figure 6.7. Backscattered SEM images of (a) Co0.1 at low magnification (b) Co0.1 at
high magnification (c) Gd mapping (d) Si mapping (e) Ge mapping and (f) Co mapping
[Matrix phase is 5:4-type, Dark phase is 5:3-type]
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Table 6.2. Compositions of GdsSi1.7Ge2 3, C00.1, Co0.2, Co0.3 and C00.4 determined by
EDS analysis. The estimated error in determining the concentration of each elementis 0.1

at%.

Matrix 5542 2123 23.35 =

Grain Boundary  62.04 21.33 16.63 - 5:3
phase
Matrix 55.09 20.99 23.92 - 5:4

Grain Boundary  62.13 21.13 1551 1.23 5:3

phase

Matrix 55.26 20.86 23.88 - 5:4
Grain Boundary 62.38 2048 1487 227 5:3

phase

Matrix 5553 20.53 23.94 - 5:4
Grain Boundary  62.68 20.19 1426 2.87 5:3

phase

Matrix 55.87 20.33 2338 - 5:4
Grain Boundary 6297 19.87 1314 4.02 5:3

phase

6.3.2. Structural and Microstructural analysis of Fe substituted GdsSi1.7Gez.3

6.3.2.1. Structural Analysis

The powder XRD patterns of GdsSi17Ge23, Fe0.1, Fe0.2, Fe0.3 and Fe0.4 are
shown in Figure 6.8. The compositions with lower Fe content (x= 0, 0.1, 0.2 and 0.3)
crystallize in a mixed state of monoclinic (M) GdsSi,Ge; phase, O(l) GdsSis phase at
room temperature and hexagonal GdsSiz phase while Fe0.4 crystallise in O(l) phase. The
monoclinic GdsSi>Gez phase, O(l) GdsSis phase and hexagonal GdsSiz phase has been
indexed with ICDD pattern No. 84084 (space group P112:/a), 84083 (Space group Pnma)
and 99641 (space group P63/mcm) rescpectively. Rietveld refinement of all the
compositions has been carried out and the results are presented in Figures 6.9 -6.12. The
refinement results confirm the presence of monoclinic and O(l) phases in GdsSi17Ge> .3,
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Fe0.1, Fe0.2 and Fe0.3. The lattice parameters extracted along with refinement
parameters are summarized in Table 6.3. The increase in lattice parameters with Fe
substitution is due to the large size of Fe (1.72 A) than Co (1.67 A).

Intensity (Arb. units)

ICSD pattern no. 84084) —— Gd Si Ge
S Jad
daatle 4 ) lh..l_LLH batn ase nilhatt aats Loals o
ICSD pattern no. 84083 S GdSSi4
ol il el |
ICSD pattern no. 99641 ——Gd Si
| |_l l| | | L ' S ] 15|_3I|
20 30 40 S0 60
20(degrees)

Figure 6.8. XRD patterns of GdsSi17Gez3, Fe0.1, Fe0.2, Fe0.3 and Fe0.4 at room

temperature.
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Figure 6.9. Rietveld refinement of GdsSi17Ge23xFex with x=0.1 (Fe0.1).
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Figure 6.10. Rietveld refinement of GdsSi1.7Gez 3-xFex with x=0.2 (Fe0.2).
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Figure 6.11. Rietveld refinement of GdsSi1.7Gez 3xFex with x=0.3 (Fe0.3).
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Figure 6.12. Rietveld refinement of GdsSi17Gez 3xFex with x=0.4 (Fe0.4).
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Table 6.3. Lattice parameters, unit cell volume, and reliability factors from the

a b c Y Volume Rwp Rp
A) A A (deg) Ay? % %

Rietveld refinement of Fe substituted GdsSi1.7Gez.3.

M Pll2i/a  7.59(1) 14.82(1) 7.78(1) 93.09(5) 872.25(1)
3.44 265
o(l) Phma  7.58(2) 1458(5) 7.61(2) 90  843.16(1)
H P6s/mcm  8.34(1) 8.34(1) 6.47(1) 120 391.19(7)
M Pll2i/a  7.61(1) 14.83(1) 7.80(1) 93.23(5) 874.38(1)
341 262
o) Phma  7.59(2) 14.61(5) 7.63(2) 90  843.80(1)
H P6J/mcm  8.35(1) 8.35(1) 650(1) 120 391.43(7)
M Pll2i/a  7.62(1) 14.84(1) 7.79(1) 93.25(1) 874.50(1)
339 2.60
o) Pnma  7.56(4) 14.75(1) 7.59(4) 90  846.31(1)
H P6s/mcm  8.37(3) 8.37(1) 650(2) 120  392.72(1)
M Pll2i/a  7.63(1) 14.83(2) 7.79(1) 93.33(1) 874.79(1)
o) Phma  758(5) 1477(4) 756(4) 90  846.78(2) b 2%
H P6J/mcm  8.37(2) 8.37(2) 651(2) 120  392.89(1)
o) Phma  7.51(3) 14.75(4) 7.77(1) 90  857.73(5)
H P6s/mcm  8.51(4) 851(4) 6.35(2) 120  397.80(2) o9 303

6.3.2.2.Microstructural Analysis

The BSE micrographs of Fe0.1 and Fe0.4 are shown in Figures 6.13 and 6.14
respectively. Fe containing alloys display a multi-phase microstructure showing the
presence of a brighter Gds(Si,Ge)s matrix phase (5:4-type) along with darker Gds(Si,Ge)3
(5:3-type) secondary phase. Figures 6.13 and 6.14 shows the results of elemental mapping
on Fe substituted samples. The segregation of Fe into the grain boundry was previously
explained in Gds(SixGe1x)s and ThsSi>Ge; alloys (Provenzano et al., 2001; Raj Kumar et
al., 2009; Raj Kumar et al., 2010) and ThsSi>Ge> (Pereire et al., 2011). These results
suggest that upon Fe addition, it primarily combines with the silicon giving rise to a grain
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boundary phase enriched with silicon and iron. The BSE results are summarized below.
Moreover, the BSE results indicate that the 5:4 phase contains a greater concentration of
Ge which results in the increase of lattice volume of the matrix (M + O(l)) with increase
in Fe substitution. This is concordant with our Rietveld refinement results shown in Table

6.3. The increase in Ge content in the matrix phase results in the increase in the lattice

volume as is evident in Table 6.3.

e 1

Figure 6.13. Backscattered SEM images of GdsSi1.7Ge23xFex alloys for (a) Fe0.1 at low
magnification (b) Fe0.1 at high magnification (c) Gd mapping (d) Si mapping (e) Ge
mapping and (f) Fe mapping [Matrix phase is 5:4-type, Dark phase is 5:3-type]

(b) Fe0.4

Figure 6.14. Backscattered SEM images of (a) Fe0.4 at low magnification (b) Fe0.4 at
high magnification (¢) Gd mapping (d) Si mapping (e) Ge mapping and (f) Fe mapping
[Matrix phase is 5:4-type, Dark phase is 5:3-type].
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6.3.3. Magnetic characterization of TM doped GdsSi1.7Ge23

Figure 6.15 shows the temperature dependent magnetization (M-T) data taken in the
Field-Cooled-Cool (FCC) and Field-Cooled-Warm (FCW) modes in an applied field of
500 Oe for Co0.1, Co0.2, C00.3 and Co00.4. It could be seen that two transitions are
observed in the magnetization data for samples C00.1, Co00.2 and C00.3. For C00.1, the
first one at 287 K indicates a SOPT from O(l) FM phase to O(lI) PM phase on heating.
The second transition occurs at 243 K and it is a first order transition from O(l) FM phase
to monoclinic PM phase as is evident from the hysteresis between the FCC and FCW data
on heating. Similarly, for Co0.2 and Co00.3, the first transition at 290 K and 300 K,
respectively, corresponds to a second order magnetic phase transition while the second
transition at 262 K and 270 K is a first-order structural phase transition induced by
magnetic field. For Co0.4, only a SOPT is observed at 283 K. The M-T results are
concordant with our XRD results showing the presence of two phases coexisting in the
system at room temperature for Co0.1, Co0.2 and C00.3, giving rise to two sets of phase

transitions in the system.
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Figure 6.15. M-T curves of C00.1, C00.2, Co0.3 and C00.4 measured in a magnetic
field of 500 Oe during FCC and FCW processes.
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Figure 6.16. M-T curves of Fe0.1, Fe0.2, Fe0.3 and Fe0.4 alloys measured in a magnetic
field of 500 Oe during FCC and FCW processes.
Similarly, for Fe substituted compounds, Fe0.1, Fe0.2 and Fe0.3 show the
presence of two transitions. The transitions at 287 K, 302 K and 308 K for Fe0.1, Fe0.2
and Fe0.3 correspond to SOPT while that at 247 K, 253 K and 273 K indicate a FOPT.

The compound Fe0.4 stabilises in O(l) structure and hence only a SOPT is observed. The

M-T curves for Fe0.1, Fe0.2, Fe0.3 and Fe0.4 are shown in Figure 6.16.
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Figure 6.17. x* versus T curves of (a) Co0.1, (b) C00.2, (c) Co0.3 and (d) Co0.4 alloys
measured at different fields of 100 Oe, 500 Oe, 1000 Oe, 5000 Oe and 10000 Oe. Inset
shows the Curie-Wiess Fit.

The " versus temperature curves taken at different fields of 100 Oe, 500 Oe, 1000
Oe, 5000 Oe and 10000 Oe for Co substituted compounds are shown in Figure 6.17 (a)-
6.17 (d). A clear deviation from CW behaviour is observed for a small applied magnetic
field below a particular temperature. This is similar to the previous observations in
Griffiths like phases (Magen et al., 2006; Pereira et al., 2010; Ouyang et al., 2010). The
temperature of deviation is denoted as the Griffiths temperature Tg, and is shown in
Figure 6.17 (a)-6.17 (d). The ! versus temperature curves taken at different fields of 100
Oe, 500 Oe, 1000 Oe, 5000 Oe and 10000 Oe for Fe substituted compounds are shown in
Figure 6.18 (a)-6.18 (c). The downturn below Tg is a signature of GP, a unique feature
exhibited by magnetic materials which show a strong correlation between structural and
magnetic properties. This is usually reflected as a downturn in ¥ as a function of
temperature above Tc. On increasing the magnetic field, the anomaly in ¢! is suppressed

and becomes nearly indistinguishable from the values at high temperature.
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Figure 6.18. y'* versus T curves of (a) Fe0.1, (b) Fe0.2 and (c) Fe0.3 alloys measured at
different fields of 100 Oe, 500 Oe, 1000 Oe, 5000 Oe and 10000 Oe. Inset shows the

corresponding Curie-Wiess Fit.

The susceptibility of GP at low fields follows the power law and the value of A,
the magnetic susceptibility exponent (0 <A < 1) and TcR is the random critical temperature
(Pereira et al., 2010; Ouyang et al., 2010) is deduced from it. The linear part of the plot
In (x1) vs In(T/TCR -1) is fitted with the power law, and the estimated susceptibility

exponent values are shown in Figure 6.19 and 6.20 for Co and Fe substituted compounds.
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The value of A lies in between 0 and 1 and decreases with increase in the field, a signature
of GP. This behaviour has been observed in compounds such as TbsSi>-Ge> (Pereira et al.,
2010) and GdsGes (Ouyang et al., 2006) typical of short-range FM clusters in a PM matrix
and is the hallmark of Griffith’s singularities. As the Co substitution increases from x=0.1
to x=0.4, it can be seen that the value of A also increases from 0.71 to 0.87 for 100 Oe and
0.45 to 0.74 for 10000 Oe clearly suggesting an increase in the FM component within
the PM matrix with Co substitution. The increase in the value of A suggests an increase
in the strength of GP.
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Figure 6.19. Griffiths Analysis of (a) C00.1, (b) Co0.2, (c) C00.3 and (d) Co0.4.
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Figure 6.20. Griffiths Analysis of (a) Fe0.1, (b) Fe0.2 and (c) Fe0.3.
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6.3.4. Isothermal Magnetization measurements and Magnetocaloric effect
6.3.4.1.Magnetocaloric effect in Co substituted GdsSi1.7Ge2 .

Isothermal magnetization measurements were carried out in the temperature range of
200—-320 K with a temperature interval of 5 K for GdsSi1.7Ge2 3.xCox samples with x=0.1,
0.2, 0.3 and 0.4. The field was swept from 0-50 kOe and back to 0 Oe, and the results of
are shown in Figure 6.21(a)-6.21(d). A considerable magnetic hysteresis in the vicinity
of the ordering temperature has been observed Co0.1, Co0.2 and Co00.3, signifying that
FOPT is inherent in the system. It can be seen that this field-induced phase transition
reverses upon decreasing the field, but with some hysteresis around the transition region.
This feature further suggests the reversible nature of the structural transition, at which the
structure of the alloy returns to its initial state once the magnetic field is completely
removed. However, it should be noted that in addition to FOPT, second order phase
transition (SOPT) is also present in the system as is evident from the M-T curves. The
XRD results also confirm the co-existence of monoclinic and O(l) phases in the system.
It can be seen that for Co0.4, the thermal hysteresis is completely eliminated. This is
attributed to the stabilization of the O(l) component, which is responsible for reducing
the first order nature of the phase transition. The Arrott plots (M? versus H/M) for all the
compositions are plotted in Figure 6.22(a)-6.22(d). The negative slope in the Arrott plots
is a clear indication of the presence of first-order phase transition in these compounds
while a positive slope indicates a second order transition. For Co0.1, Co0.2 and Co0.3,
the Arrott plots indicate a negative slope confirming that first order nature of phase
transition is present while for Co00.4, the Arrott plots clearly show positive slope
indicating a second order phase transition. Hence, it can be acclaimed that as Co
concentration increases, the compounds mainly stabilise in the O(l) phase giving rise to
a SOPT.
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Figure 6.21. Field dependence of magnetization at different temperatures for (a) Co0.1,

(b) C00.2, (c) Co0.3, and (d) Co0.4.

Co 0.1 200 K

0.6

1.2 1.8

H/M(kOe/emul/g)

24 3.

(b)3s

Co0.2

0.4

06 08 1.0 12 14 1.

H/IM(kOe/emulg)

210K

0.5

1.5
H/M(kOe/emul/g)

Figure 6.22. Arrott plots for (a) Co0.1, (b) Co0.2, (c) C00.3 and (d) Co0.4.
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Figure 6.23. Isothermal magnetic entropy change (-ASm) for (a) Co0.1, (b) Co0.2 (c)
Co0.3 and (d) Co0.4 as a function of temperature for different field changes

The MCE in Co substituted compounds has been evaluated from the isothermal
magnetization data using the thermodynamic Maxwell relations explained in Chapter 1.
Figures 6.23(a)-6.23(d) represent the change in magnetic entropy (-ASwm) as a function of
temperature under different magnetic fields for Co00.1, Co00.2, C00.3 and Co0.4
respectively. Fora magnetic field variation of 50 kOe, the maximum ASm for Co0.1,
Co00.2, Co0.3 and Co0.4 are 12.8, 14.5, 10.4 and 5.8 J/kg K respectively. It can be seen
that with increase in Co substitution, the -ASwm peak broadens. The increase in MCE for
Co00.2 is attributed to the presence of a large fraction of monoclinic phase in the system.
With increase in Co substitution, there is a reduction in the magnetic entropy change,
which is attributed to the stabilization of the O(l) component. However, it can be seen
that even though there are two transitions in the magnetization measurements, the
magnetic entropy change is concentrated only in the vicinity of the first order transition
region. This suggests that the entropy change associated with the second order phase
transition is negligible and the isothermal entropy change is maximum around the first

order transition region.
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6.3.4.2.Magnetocaloric effect in Fe substituted GdsSi1.7Ge2s.

Isothermal magnetization measurements were carried out for Fe substituted samples
in the temperature range of 200—340 K with a temperature interval of 5 K with the field
sweeping from 0-50 kOe and back to 0 Oe, and the results of are shown in Figure 6.24(a)-
6.24(d). A considerable magnetic hysteresis in the vicinity of the ordering temperature
observed Fe0.1, Fe0.2 and Fe0.3, signifies that FOPT is inherent in the system. The
hysteresis appears due to crystallographic phase change from monoclinic PM phase to
O(l) FM phase. For Fe0.4, the thermal hysteresis is completely eliminated. This is
attributed to the stabilization of the O(I) component, which is responsible for reducing
the first order nature of the phase transition. The Arrott plots (M? versus H/M) for all the
compositions are plotted in Figure 6.25(a)-6.25(d). The order of magnetic transition can
be determined from the slope of the isotherm plot. The negative slope in the Arrott plots
is a clear indication of the presence of first-order phase transition in these compounds
while a positive slope corresponds to a second order transition. For Fe0.1, Fe0.2 and
Fe0.3, the Arrott plots indicate a negative slope confirming that first order nature of phase
transition is present while for Fe0.4, the Arrott plots clearly show positive slope indicating
a SOPT. Hence, it can be acclaimed that as Fe concentration increases, the compounds
mainly stabilise in the O(l) phase indicating that second order transition is more likely to

take place.
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Figure 6.24. Field dependence of magnetization at different temperatures for (a) Fe0.1,

(b) Fe0.2, (c) Fe0.3 and (d) Fe0.4.
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Figure 6.25. Arrott plots for (a) Fe0.1, (b) Fe0.2, (c) Fe0.3 and (d) Fe0.4.
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MCE in Fe substituted compounds has been evaluated from the thermodynamic
Maxwell relations explained in Chapter 1. Figures 6.26 (a)-6.26 (d) represent the change
in magnetic entropy (-ASwm) as a function of temperature under different magnetic fields
for Fe0.1, Fe0.2, Fe0.3 and Fe0.4 respectively. For a field change of 50 kOe, the
maximum -ASwm for GdsSi17Ge23xFexare 11.2, 12.7, 8.3 and 7 J/kg K for Fe0.1, Fe0.2,
Fe0.3 and Fe0.4 respectively. The increase in MCE for Fe0.2 is attributed to the presence
of a large fraction of monoclinic phase in the system. The same has been observed with
Co substitution described in the previous section. With increase in Fe substitution, there
is a reduction in the magnetic entropy change, which is attributed to the stabilization of

the O(1) component.
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Figure 6.26. Isothermal magnetic entropy change (-ASwm) of (a) Fe0.1, (b) Fe0.2, (c) Fe0.3
and (d) Fe0.4 as a function of temperature for different field changes.
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6.3.4.3. RC and RCP in TM doped GdsSi1.7Ge2.3

The variation of effective RC and RCP obtained for GdsSii.7Ge2.3xCox and
GdsSi17Gez3xFex withx=10.1, 0.2, 0.3 and 0.4 for a field change of 50 kOe are plotted in
Figure 6.27. It is to be noted that the hysteresis loss has been accounted while calculating
the effective RC and RCP. The transition temperatures, entropy changes, and the effective
RC and RCP values are tabulated in Table 6.4. Co substituted compounds exhibit much
higher RCP values and their operating temperature could be tuned to the desired
temperature, suggesting that these compounds could be used for sub-room temperature

magnetic refrigeration applications.
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Figure 6.27. Variation of effective RC with field for (a) GdsSi17Ge2.3xCox and (b)
GdsSi17Gez3xFex with x=0.1, 0.2, 0.3 and 0.4 and RCP with field for (c) GdsSi17Gez.s-
xCox and (d)GdsSi1.7Gez 3-xFex with x=0.1, 0.2, 0.3 and 0.4.
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TABLE 6.4. Transition temperatures, entropy changes, effective refrigerant capacity, and

relative cooling power calculated for GdsSi1.7Ge23.xCox and GdsSi1.7Gez.3-xFex

GdsSi17Gezs- Transition -ASwm Effective  Effective RC

x T Mx temperature J/kgK RCP (J/kg)
(TM=Co and Fe) AH=50 (J/kg) H=50 kOe
kOe H=50 kOe

GdsSi17Gezs 240 19 411 373
Co0.1 243 12.8 316 258
Co0.2 262 14.5 417 367
Co0.3 270 10.4 267 233
Co0.4 283 5.8 207 178
Fe 0.1 247 11.2 292 214
Fe 0.2 253 12.7 300 210
Fe 0.3 273 8.3 228 187
Fe 0.4 287 7 196 156

6.3.5. Universal Analysis

Universal curve has been proposed as a means for determining the order of phase
transition based on the re-scaling of magnetic entropy change curves (Franco et al., 2006;
Dong et al., 2006; Bonilla et al., 2010). The universal curves for Co0.1, C00.2, Co0.3 and
Co0.4 are plotted in Figure 6.28 and that plotted for Fe0.1, Fe0.2, Fe0.3 and Fe0.4 are
shown in Figure 6.29 respectively.

Page | 156



Effect of transition metal substitution in GdsSi1 7Ge2.3.xT My

(a) Co0.1 (b) Co0.2
1.0 2 ° 1.0 u‘
s 3
0.8 e = 08 > *’%
% % A
i . i LR
o 06 A i 06 A
= | o e %
¢ < p
g 0.4 ‘ £} (I)s 0.4 lﬁ’ *.
- h e °:¢‘
0.2- Y s{‘ & 0.2 g}’fl”t’ 4 “oge
0.0 %Ap 0.0 . S o
-6 4 2 0 2 4 6 -4 3 2 1 0 1 2 3 4
(c) 0 d 0
1.0] Co0.3 M ( 1)0 Co0.4 3
S % > s B
A N
0.8 8 0.8 s @
] 0.6 00 J‘ § = : ;
fn 5 0.6- . ‘5“ g 06 § s@
< o L
< 3 044 o w
9 &;ii
021 FofEs) ] *sv
. e a”e e 0.2 o n
0.0 T T T T T
-4 3 2 1 0 1 2 3 4 2 1 0 1 2 3
0
0

Figure 6.28. Normalized entropy change as a function of the rescaled temperature 0 for
(@) Co0.1, (b) Co0.2, (c) Co0.3 and (d) Co0.4.
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Figure 6.29. Normalized entropy change as a function of the rescaled temperature 6 for
(@) Fe0.1, (b) Fe0.2, (c) Fe0.3 and (d) Fe0.4.

In Figure 6.28 and 6.29, it is evident that the curves do not collapse, for temperatures

below Tc, indicating the first order nature of phase transition. As the transition metal
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concentration increases to x=0.4, the curves collapse on to a single curve. This is
concordant with the trends observed in the Arrott plots shown in Figures 6.22 and 6.25.
In the range, -1< 0 <0, the collapse is real for second order transitions and is only apparent
for first order transitions. For temperatures above Tc, it can be seen that the curves do not
collapse for 6 > 0 for the compositions with x=0.1, 0.2 and 0.3 in Co and Fe substituted
compounds which could be due to the presence of Griffiths-like phases existing in the
system. For 6 > 0, the collapse of the curves is due to the paramagnetic behaviour.
However, in the case of composition with x=0.4, the curves collapse onto a single curve
indicating second order nature of the transition.

6.4. Conclusions

In summary, the influence of transition metal substitution such as Co and Fe on
the polycrystalline samples of GdsSi17Ge23.xTMx (TM=Co, Fe) with x=0, 0.1, 0.2, 0.3
and 0.4 has been investigated. X-ray diffraction studies together with magnetization
measurements reveal a mixture of M and O(l) crystal structures at room temperature for
higher doping concentrations while the higher doping concentration result in an O(l)
structure. Low field magnetization data taken in FCC and FCW mode shows the presence
of two transitions, a FOPT and a SOPT for x=0, 0.1, 0.2 and 0.3 while only a SOPT is
evident for the composition with x=0.4. The maximum -ASwm for GdsSi1.7Ge23.xCox are
12.8, 14.5, 10.4 and 5.8 J/kg K for x=0.1, 0.2, 0.3 and 0.4 respectively, for a field change
of 50 kOe. For GdsSi1.7Gez 3-xFex compounds, -ASm is 11.2, 12.7, 8.3 and 7 J/kg K for
x=0.1, 0.2, 0.3 and 0.4 respectively, for a field change of 50 kOe. The presence of
Griffiths-like phases has been observed all the compositions for Co substituted
compounds. In Fe substituted compounds, evident for compositions upto x=0.3 while no
GP behaviour has been observed for x=0.4. Universal curve analysis reveal the transition

from first order to second order with increase in Co and Fe concentration.
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Chapter 7

Structural properties, magnetic interactions,

magnetocaloric effect and critical behavior of cobalt

doped Lao.7Teo3sMn0Os

This chapter describes the effect of cobalt doping on the structural, magnetic
and magnetocaloric properties of electron-doped manganite Lag7TegsMn-
xC0xO3 (x =0, 0.1, 0.2, 0.25, 0.3 and 0.5) has been investigated. A structural
transition from rhombohedral to orthorhombic structure occurs with increase
in cobalt substitution. The presence of competing ferromagnetic and
antiferromagnetic interactions leads to a glassy behaviour at low temperatures
for low Co doping concentrations. However, for higher Co concentrations, no
such behaviour is observed. Arrott plots reveal a second order nature of
magnetic transition for all the samples. The magnetic exchange interactions for
x = 0.3 and 0.5 follow the mean-field model. Magnetization results show that
the magnetocaloric property of the electron-doped manganite is slightly
affected by the substitution of Co at Mn sites. Relatively large values of relative
cooling power and broad temperature interval of the magnetocaloric effect
make the present compounds promising for sub-room temperature magnetic

refrigeration applications.



Cobalt substitution in Lanthanum Tellurium Manganites

7.1. Introduction

Doped manganese perovskites Ln;—xAxMnOs (Ln=Rare earth and A= divalent or
tetravalent ions etc.) have attracted considerable attention owing to their peculiar
magnetic properties and their promise for future technological applications such as
colossal magnetoresistance (CMR), devices for information storage and magnetic
sensors, magnetic refrigeration (MR), spintronics, etc. (Yang et al., 2007). The parent
compound LaMnOs is a charge-transfer insulator with trivalent manganese arranged in
different layers coupled among themselves antiferromagnetically through superexchange
mechanism. But within a layer, these Mn®* ions are coupled ferromagnetically (Zaanen
etal., 1985; Mandal et al., 1997). The doping of LaMnOs with divalent or tetravalent ions
drives the manganese ions into a mixed valence state. The introduction of divalent ions
like Sr?*, Ca?* into the manganite system drives the manganese ions into a mixed valence
state of Mn®* (t2¢° eg') and Mn** (t2¢°), but if the rare-earth ion is partially replaced by
some tetravalent ions like Te**, Ce**, etc., the manganese ion exist in Mn?* (t2> e4%) and
Mn3* states (Mandal et al., 1997). Recently, considerable research has emphasised on
electron-doped compounds such as Lai;-xBxMnOz where B= Te (Tan et al., 2003; Tan et
al., 2003; Guo et al., 2004; Yang et al., 2004; Yang et al., 2004; Yang et al., 2005 ), Ce
(Mandal et al., 1997; Gebhardt et al., 1999; Raychaudhuri et al., 2003; Mitra et al., 2003;
Wang et al., 2006), Hf (Guo et al., 2011), Sb (Duan et al., 2004), Zr (Roy et al., 2001),
etc., since both electron-doping and hole-doping in ferromagnetic (FM) manganites opens
up interesting applications in the emerging field of spintronics. The introduction of the
tetravalent ion drives Mn®* ions of LaMnOs into Mn?* ions, which is equivalent to
introducing an electron into the eg band. CMR behavior occurs in these compounds due
to the mixed-valence state of Mn?* /Mn**. The basic physics is explained in terms of
Hund’s coupling between eq electrons and tog core electrons and the Jahn-Teller (JT) effect
due to the Mn®*" JT ions.

Electron-doped manganites have also been found to exhibit large magnetocaloric
effect (MCE) under moderately applied fields, revealing that CMR manganites are
possible candidates for magnetic refrigeration applications (Yang et al., 2007). Doping at
Mn sites in perovskite oxides is very effective to alter their physical properties owing to

the core role played by Mn ions in manganites. Amongst the doping at Mn sites with
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transition elements, cobalt doping is more prominent due to the different electron
configurations and spin states of Mn and Co. Park et al. studied cobalt-doped manganite
LaMnog5C00.150 by X-ray absorption spectroscopy (XAS) at Co and Mn L 3-edges (Park
etal., 1997; Park, 1999). They reported that a charge redistribution (CR); Mn®*" + Co*" —
»Mn** + Co?* occurs in Co-doped manganese perovskites, thereby making the system
Mn3" - Mn** mixed valent. The X-ray photoelectron spectroscopy (XPS) measurements
of Lao.7Bao3Mn1.xCoxO3 (Tai et al., 2000, Chang et al., 2000), ProsCao.sMno.95C00.0s03
(Toulemonde et al., 2001)and Lao.gTeo1Mn1xCoxO3 (Zheng et al., 2006) perovskites also
predict the same results. These results indicate that the Mn** + Co?* ionic configuration
is more stable than the Mn*" + Co%*, due to the CR process of Mn*" + Co**—Mn*" +
Co?*. The presence of Co?" ions through the CR process is expected to have a role in
determining the structural and magnetic properties of Co-substituted manganites. In the
present paper, we report the influence of cobalt doping on the structural, magnetic,
magnetocaloric properties and critical behavior of electron-doped Lao.7Teo3sMnQOs3. Cobalt
doping induces a structural transition from rhombohedral (R-3 ¢ space group) to
orthorhombic (Pbnm space group). This is attributed to the breakdown of structural
symmetry in the doped compounds due to the disordered distribution of Mn and Co ions
which is in accordance with the XPS results. An enhancement of Curie temperature Tk,
has been observed for x>0.2, indicating a strong ferromagnetic exchange interaction.
Relatively large values of relative cooling power (RCP) and broad temperature interval
of MCE makes the present compounds promising candidates for sub- room temperature

magnetic refrigeration applications.
7.2. Experimental details

Polycrystalline samples of Lao.7Teo3sMn-xCoxO3 (x=0, 0.1, 0.2, 0.25, 0.3, 0.5)
were synthesized by solid state reaction route in air. Stoichiometric amounts of La>O3
(Sigma-Aldrich, 99.99%), TeO: (Sigma-Aldrich, 99.99+%), MnO. (Sigma-Aldrich,
99.99+%), and Co304 (Sigma-Aldrich, 99.99+%) were mixed well and calcined at 700°C
for 24 hours followed by 1050°C for 12 hours with intermediate grindings. Prior to
mixing, La>Os powder was preheated at 1000°C for 10 hours. The powders thus obtained
were ground, pelletized, and sintered at 1050°C for 12 hours with two intermediate

grindings for homogenization to get the phase pure material. The crystal structure of the
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samples were determined by powder X-ray diffraction (XRD) using Cu Ka radiation
(PANalytical X’pert Pro diffractometer) operated at 40 kV and 30 mA at room
temperature. Rietveld refinement of the diffraction patterns was carried out using GSAS
(General Structure Analysis System) software. X-ray photoelectron spectroscopy (XPS)
measurements were carried out using an Omicron Nanotechnology Multiprobe
Instrument. XPS spectra were obtained using a high- resolution hemisphere analyzer EA
125 HR equipped with a detection system consisting of seven channeltrons. A
monochromated Al Ka source of hv=1486.6 ¢V was used to probe Lao.7Teo3Mn1—«C0xO3
pellets with x=0.1 and x=0.3 attached by double-sided tape to the molybdenum sample
holder. Pressure in the XPS chamber during the measurements was 5 x 1071° mbar. The
binding energies were corrected by C 1s as reference energy (C 1s = 284.8 eV) (Moulder
et al., 1992). A wide scan was collected to ensure that no foreign materials were present
on the sample surface. Narrow scans of Mn 2p and Co 2p regions were collected at an
analyzer pass energy of 20 eV. Curve fitting to the XPS spectrum was done using
CasaXPS software. Background subtraction was done using the Shirley method.
Magnetization measurements were performed as a function of both temperature and field
using a Physical Property Measurement System [Quantum Design, Dynacool] up to a
maximum field (H) of 50 kOe in the temperature range 5 K-300 K. MCE was estimated,
in terms of isothermal magnetic entropy change (-ASm), from Maxwell’s relations
(equation (1.19) described in Chapter 1. Relative cooling power has been calculated using
the relation (1.26) in Chapter 1.

7.3. Results and discussion

7.3.1. Phase and structural analysis-Rietveld refinement

Figure 7.1 shows the X-ray diffraction patterns of Lao.7Teo.sMn1-xC0xO3 with x=0,
0.1, 0.2, 0.25, 0.3 and 0.5. The samples with x=0 and 0.1 were indexed using ICDD
Pattern No. 86-1234 with space group R-3c with rhombohedral symmetry while that with
x>0.2 were indexed using ICSD Pattern No. 82820 with space group Pbnm with
orthorhombic symmetry. It can be seen that with increase in Co substitution, there is a
structural transition from rhombohedral to orthorhombic. This transition is associated
with the breakdown of structural symmetry, which may be attributed to the disordered
distribution of Mn?*/Mn*" and Co?*/Co** ions (Tai et al., 2000). When the doping level
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of cobalt is increased to 0.2, noticeable changes occur in the structure, which is evident
from the change in behavior of the main peak in the XRD data. It can be clearly seen that
the double peaks at about 32.7° transforms into a single well defined peak as the Co
doping concentration is increased to 0.2 suggesting a possible change in the structure.
The splitting vanishes for higher Co doping concentrations. This is attributed to the
transformation of rhombohedral structure for x=0 and 0.1 to orthorhombic structure for
x>0.2. The refinement results for all the compositions are shown in Figures 7.2-7.7. The
lattice parameters, bond angles and bond distances obtained from Rietveld refinement are
tabulated in Table 7.1. The change in crystal structure from rhombohedral to
orthorhombic is schematically depicted in Figure 7.8. It can be seen that there is an
increase in the lattice parameters a, b, ¢ and unit cell volume with increase in Co
concentration in rhombohedral structured samples (x =0 and 0.1) with R-3c space group.
On the other hand, there is a reduction in the unit cell volume in the orthorhombic samples
with Pbnm space group (x=0.2, 0.25, 0.3 and 0.5).
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Figure 7.1. XRD patterns of Lao.7TeosMn1xCoxO3 (x=0, 0.1, 0.2, 0.25, 0.3 and 0.5)

The lattice distortion and the bending of Mn-O-Mn bond increase as the crystal
structure transform from rhombohedral to orthorhombic. The possible origins of lattice
distortion in perovskites is the deformation of the MnOe octahedra originating from Jahn-
Tellar effect which is directly related to the concentration of Mn** ions (Yang et al.,
2004). For the present samples, the average ionic radius of A-site (ra) is fixed. Hence, the
observed lattice distortion is caused by the average ionic radius of the B-site element (rg),
which is governed by the tolerance factor

t=(r,+r)/2(r, +1) (7.1)
where i (iI=A, B, or O) represents the average ionic radii of each element. When t is
close to 1, the cubic perovskite structure is expected to form. As t decreases, the lattice
structure transforms to rhombohedral (R-3 c), and then to the orthorhombic (Pbnm)
structure. In these samples, the observed lattice distortion is caused by the partial
replacement of Mn by Co. For the low Co concentration 0 < x < 0.1, the lattice volume
increases with increase in Co concentration to x=0.1, also an increase in Mn-O bond

length and a decrease in the average Mn—O—Mn bond angle are observed. The change in
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the ionic radius of Mn at the dopant site from the average value causes a strain in the Mn—
O bonds. Only a bigger ion at the dopant site can compress some of the Mn—O—Mn bonds
which result in reducing the average Mn—O—Mn bond angle. The substitution of Co
introduces Co?* and Co®" ions into the system, in which the former is introduced through
a charge redistribution (CR) process (Park et al., 1997; Park, 1999; Tai et al., 2000, Chang
et al., 2000). The Co?* ionic radius (0.745 A) is larger than the average radius of Mn ion
(0.704 A). Hence the increase in lattice volume with increase in cobalt content from x=0
to 0.1 is due to the replacement of Mn®* ions (0.645 A) by larger Co?* ions (0.745 A)
(Zheng et al., 2006; Shannon et al., 1976). The presence of Mn** ions produced through
the CR process has been confirmed by XPS analysis. However, for higher doping
concentrations, the unit-cell volume decreases. The Mn-O bond length and the average
Mn—O—Mn bond angle also decreases with increasing Co concentration. When the ionic
radius of the dopant site is smaller than the average Mn radius, the neighboring Mn—-O
bonds contract, resulting in a decrease in the average Mn—O—Mn bond angle. Hence, the
decrease in the orthorhombic lattice volume with increase in cobalt content from x=0.2
to 0.5 is caused by the replacement of Mn®* ions (r= 0.645 A) by smaller Co®* ions (0.61
A) (Zheng et al., 2006; Shannon et al., 1976).
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Figure 7.2. Rietveld refined XRD patterns of Lao.7Teo3sMnOz (x=0).
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Figure 7.3. Rietveld refined XRD patterns of Lao.7Teo3Mng9C00.103 (x=0.1).
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Figure 7.4. Rietveld refined XRD patterns of Lao.7Teo3MnosC00.203 (X = 0.2).
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Figure 7.5. Rietveld refined XRD patterns of Lao.7Te0.3Mno.75C00.2503 (X = 0.25).
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Figure 7.6. Rietveld refined XRD patterns of Lao.7Teo.3Mno.7C00303 (X = 0.3).
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Figure 7.7. Rietveld refined XRD patterns of Lao.7Teo3MnosC00503 (x = 0.5).

(b)

Figure 7.8. Projections of (a) the rhombohedral R-3c crystal structure and (b) the
orthorhombic Pbnm crystal structure
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Table 7.1. Lattice parameters, unit cell volume, bond angles and bond distances
determined from Rietveld refinement of Lao7Teo3sMn1.xCoxOz (x=0, 0.1, 0.2, 0.25, 0.3
and 0.5)

Sample x=0 x=0.1 x=0.2 x=0.25 x=0.3 x=0.5
Space Group R-3c¢ R-3c¢ Pbnm Pbnm Pbnm Pbnm

Lattice parameters

a(A) 552(0) | 553(1) | 554(0) | 553(1) | 553(1) | 5.52(1)
b (A) 552(0) | 553(1) | 550(1) | 549(0) | 5.49(1) | 5.49(1)
c(A) 13.35(1) | 13.35(1) | 7.79(1) | 7.78(0) | 7.78(0) | 7.78(1)

Volume(R) | 352.69(4) | 353.97(1) | 237.13(4) | 236.56(4) | 236.34(1) | 236.10(1)

Atomic Positions

La/Te X 0 0 0.998(0) | 0.996(0) | 0.997(0) | 0.998(1)
La/Tey 0 0 0.017(0) | 0.019(0) | 0.018(0) | 0.022(1)
La/Te z 0.25 0.25 0.25 0.25 0.25 0.25
Mn/Co x 0 0 05 05 05 05
Mn/Coy 0 0 0 0 0 0
Mn/Co z 0 0 0 0 0 0
O1 X 0.455(0) | 0.430(0) | 0.05(0) | 0.04(0) | 0.04(0) | 0.03(0)
Oy 0 0 0.47(1) | 0.48(0) | 050(0) | 0.50(0)
012 0.25 0.25 0.25 0.25 0.25 0.25
O, X - - 0.70(1) | 0.69(1) | 0.69(0) | 0.70(0)
O,y - - 0.25(1) | 0.26(0) | 0.32(0) | 0.30(0)
O,z - - 0.03(0) | 0.02(0) | 0.02(0) | 0.04(0)

Bond distance
Mn-O; (A) 1.96(7) 1.98(5) 1.97(2) 1.96(1) 1.96(1) 1.95(1)

Mn-O2 (A) - - 1.76(1) 1.78(0) 2.04(9) 2.01(1)
Mn-0; (A) - - 2.18(9) 2.18(1) 2.00(0) 2.02(0)
Bond angle
Mn-O:-Mn(%) | 165.5(0) | 157.3(5) | 161.7(9) | 164.9 (0) | 167.1(1) | 169.7(2)
Mn-O2-Mn(°) - - 163.7(6) | 159.9 (0) | 148.9(0) | 150.1(2)

a 1.3 2.8 2.7 2.3 3.6 2.6
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7.3.2. XPS analysis

To determine the surface elemental composition and oxidation states of Mn and Co
in the near-surface range, X-ray photoelectron spectra (XPS) of Lao.7Teo3Mn1.xCoxO3
(x=0.1 and 0.3) was recorded. The wide scan XPS spectra of x=0.1 and 0.3, is presented
in the supplementary data, Figure 7.9. Evidently, all the peaks can be ascribed to the
elements La, Te, Mn, Co and O in the near-surface range which is in good agreement with
our expectation. No other element is found from the XPS spectrum, indicating the purity
of the sample. The high-resolution Co 2p and Mn 2p spectra were recorded. Figure 7.10
shows the Mn 2ps;» high resolution XPS spectrum recorded for x=0.1 and x=0.3
respectively. The high resolution spectra of Co 2p for x=0 and x=0.3 are shown in Figures

7.11 and 7.12 respectively.
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Figure 7.9. XPS wide scan spectra of Lao.7Teo3Mn1.xC0xOs3 (&) x=0.1 and (b) x=0.3.
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Figure 7.10. Mn 2ps2 XPS spectra of Lag7Teo3sMn1.xCoxO3 (a) x=0.1 and (b)
x=0.3.
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Figure 7.11. Co 2p XPS spectra of Lao.7Teo.3sMn1.xCoxOsfor x=0.1.
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Figure 7.12. Co 2p3s;2 XPS spectra of Lao7Teo.3sMn1.xCoxO3 for x=0.3

For x=0.1, the Mn 2ps2 XPS spectrum decompose into three components
corresponding to Mn?*, Mn ** and Mn*" located at 641.6, 642.9 and 645.6 eV, whereas
for x=0.3, the Mn 2ps> XPS spectrum decompose only into two components
corresponding to Mn?* and Mn** located at 641.3 and 642.8 eV respectively (Huang et
al., 2015; Jha et al., 2014). Regarding the Co 2ps;2 XPS spectrum of x=0.3, the binding
energies observed at 779.7 and 780.9 eV corresponds to Co®" and Co?* respectively (Jha
et al., 2014). The presence of Mn*" ions in x=0.1 samples suggest that a charge
redistribution process has occurred at low cobalt doping concentrations. It can be seen
that there is a decrease in the Mn* concentration in x=0.3 when compared to that in x=0.1.
This is attributed to the replacement of Mn** ions with Co®" ions when x increases to 0.3.
Correspondingly, the Mn?*ions increases to maintain the charge neutrality. Therefore, the
distribution of Mn?*/Mn®" and Co?"/Co®" ions induces a structural transition in these
compounds when x increases to 0.2.
7.3.3. Magnetization measurements

7.3.3.1. Temperature dependent magnetization studies

In order to investigate the effect of Co doping on the magnetic properties of
Lao.7Teo.3sMn1.xC0x0O3, the temperature dependence of magnetization was measured under
zero field cooled (ZFC) and field cooled cool (FCC) mode in an applied field of 100 Oe
for x=0, 0.1, 0.2, 0.25, 0.3 and 0.5. The results are presented in Figure 7.13. All the
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samples exhibit a paramagnetic (PM) to ferromagnetic (FM) transition. The M (T) curves
of x=0 and x=0.1 clearly indicate a double transition under 100 Oe field; the first one is a
very sharp transition at higher temperatures > 160 K, resembling a PM to FM transition,
and the other one is at lower temperatures below 75 K, resembling a spin glass state. With
increase in Co doping to x=0.3, the PM-FM phase transition become broader implying a
wide distribution of the magnetic exchange interactions in the Mn-O-Mn network with
the increase of magnetic inhomogeneity (Zheng et al., 2006). The Curie temperatures (Tc)
have been determined from the derivative of the M-T curves and are 165 K, 160 K, 162
K, 167 K, 180 K and 220 K respectively for x=0, 0.1, 0.2, 0.25, 0.3 and 0.5. The decrease
in the average bond angle results in the weakening of the DE interactions leading to a
decrease in the Curie temperature from 165 K in x=0 to 160 K in x=0.1. The increase in
Co concentration causes the Mn-O1-Mn bond angle to increase indicating a stronger Mn-
O-Mn exchange interaction leading to an increase in the Curie temperature for x > 0.2
(Bejara et al., 2007; Craus et al., 2010). The divergence between ZFC and FCC curves
becomes more and more obvious because of the increase in magnetic frustration arising
from the bending of Mn-O-Mn bond, which is in accordance with the structural
refinement results (Yang et al., 2004). This irreversibility in ZFC and FCC magnetization
curves arises possibly due to the canted nature of the spins or due to the random freezing
of spins as observed in systems with FM cluster coexisting in AFM matrix and is ascribed
to the appearance of the spin glass (SG) or cluster glass (CG) induced by the competing
FM and antiferromagnetic (AFM) exchange interactions (Yang et al., 2004; Dho et al.,
2002). The substitution of Co introduces Co?* and Co®* ions into the system. Moreover,
Mn** ions are also introduced into the system through a CR process as in the case of
LaMn1xCoxOs (Park et al., 1997; Park et al., 1999) and the hole-doped manganite
Lao.7Bao3sMn1.xCoxO3 (Tai et al., 2000; Chang et al., 2000). Therefore, there exist FM
exchange interactions viz. Mn?*-0-Mn%", Mn®*-O-Mn**, Mn?*-O-Mn** and Co?*-O-Mn**
and AFM exchange interactions viz. Co?*-0-Co?*, Mn**-O-Mn**, Co**-0-Co** and Co?*-
O-Mn*" in the studied samples competing each other, and this competition leads to the
appearance of magnetic inhomogeneity in the samples (Zheng et al., 2006). It can be seen
that for x=0 and x=0.1, a drop in ZFC magnetization is observed around 75 K on lowering

the temperature. This is also attributed to the glassy state present in the system.
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Figure 7.13. Magnetization as a function of temperature for Lao.7Teo3Mn1.xCoxO3 (a)
x=0, (b) x=0.1, (c) x= 0.2, (d) x=0.25, (e) x=0.3 and (f) x= 0.5 measured at H = 100 Oe
under the ZFC and FCC modes and the corresponding Curie-Weiss fit. Inset shows the
derivative of the M-T curves.

For further analysis, we have carried out the AC susceptibility studies of x=0 and
x=0.1. The results of temperature dependent AC susceptibility measurements at different
frequencies is presented in Figure 7.14. It can be seen from Figure 7.14 (a) and 7.14 (b),
that there is a sharp peak near 165 K and 160 K respectively for x=0 and x=0.1 and a drop
in the susceptibility below 75 K for both the samples, akin to the features observed in the
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ZFC magnetization presented in Figure 7.13 (a) and 7.13 (b). The two peaks in the ’(T)
curves reflect the ferromagnetic and spin-glass phase transitions and are denoted as T¢
and T respectively, reminiscent of those of reentrant ferromagnets. The higher
temperature FM-PM transition shows no frequency dependence, while the low
temperature transition shows a clear frequency dependence suggesting a glassy state
(Jonason et al., 1996; Mathieu et al., 2000, Choudhury et al., 2012).

(a) b -
0.0144 x= % ootz { [)).012_ x=0.1 : T‘Eo.tma
§ £ —o—111 Hz 5 S 0.006
308 B 0.010{ ——333Hz =
£ g 5 0006 — —o— 555 Hz, '
50010' 3 s‘: f ’g 0 008" ——T77 HZ‘ g 0.002 T
2 "= c £ 4
20.0084 23 ™ 0.004 5 ——999 Hz 8 i f
A : g
£ oe] I romparatus 10 5 “ Temperaure ()" |
P —C— z 3 B
720.004- —o—333Hz § ™ 0.0041
—4—555Hz 3
0.002 ——TTTHz § 0.002-
—<+—999 Hz
0000 T T T T T 0-000 T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature (K) Temperature (K)

Figure 7.14. Temperature dependence of AC susceptibility of (a) x=0 and (b) x=0.1 at
different frequencies. Insets of (a) and (b) shows the frequency dependence of the samples
at low temperatures.

A detailed analysis of the susceptibility data at T+ has been carried out to analyse
the spin glass behavior. The maximum change in the freezing temperature, ATt is denoted
as ATe (w) = TE® M2 - TALHZ where TP%° M2 and T M2 represents Tr at 999 Hz and 111
Hz, respectively. The relative shift in freezing temperature ATs= AT (w)/T+ Alog(w) is
used to describe the magnetic order of the system. This value typically lies between 0.005
and 0.08 for spin glass and is 2 for non-interacting super paramagnetic materials. The
relative shift obtained for x=0 and x=0.1 are 0.054 £ 0.001 and 0.058 + 0.006 respectively,
which characterize our system to be of reentrant spin glass type (RSG) (Anil kumar et al.,
2014; Chatterjee et al., 2010; Chandrasekhar et al., 2012). The frequency-dependent Tt

(in %’(T) versus T plot) fitted to an Arrhenius law showed unreasonable fitting. Hence,

Vogel- Fulcher (VF) law, 7 =rz,exp — Be was employed to understand the
kB (Tf _TVF)

nature of interaction in the spin glass system, where Evr and Tvr are the activation energy
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and Vogel- Fulcher temperature respectively. The obtained fitting parameters are Evr/kg=
9.3+ 0.8, Tve= (64.8 = 0.1) K and 1o = (2.06 + 0.01) x 107 s respectively for x=0 and
Eve/ke= 5.6 + 0.4, Tve= (53.2 £ 0.1) K and 1, = (5.14 + 0.07) x 107 s respectively for
x=0.1. Dynamical scaling analysis was also performed using the critical power law,

f - [T—‘ —1] , Where 1 is the relaxation time corresponding to the measured frequency
o

9

f (t =1/2xnf), 10, the characteristic relaxation time of single spin flip and indicates the
nature typical of atomic-scale spin-glass state caused by the geometrical frustration
(Mathieu et al., 2004) and are obtained as (2.90 + 0.01) x 10 s and (9.79 + 0.03) x 10

respectively for x=0 and x=0.1.
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Figure 7.15. Relaxation time t versus maximum spin freezing temperature T fitted to the

Vogel-Fulcher Law (solid line) and Power law (Dashed line). Inset shows In(t) vs. In(t)

where reduced temperature, t= (T Tg)/Tg. Solid line is a linear fit to the Power Law.

Figure 7.15 shows the fit to the VF law and critical power law. From the analysis,
the critical spin glass ordering temperature as frequency tends to zero, Ty, and the
dynamic critical exponent, zv are determined as 66.56 + 0.03 K and 1.27 + 0.03 for x=0
and 54.47 £ 0.01 K and 1.03 + 0.01 for x=0.1 respectively. Here, z and v denote the

dynamical critical exponent and the critical exponent of the spin correlation length,

T -0
E= [T—f —1} respectively. For a spin-glass system, 1o ~1079-10"3 s and zv are typically

g
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found to lie between 4 and 12. Hence, the higher values of 10 and lower value of zv
obtained for x=0 and x=0.1 implies that the relaxation is slower indicating slower spin
flipping and that the RSG phase is attributed to the presence of randomly oriented
ferromagnetic clusters, instead of atomic level randomness. Such higher 1o values have
also been reported in other RSG systems such as LaCoosNios03 (Viswanathan et al.,
2009), Heusler alloys (Chatterjee et al., 2010; Halder et al., 2010), pyrochlore molybdates
(Hanasaki et al., 2007), etc.

7.3.3.2. Isothermal magnetization studies and magnetocaloric effect

Figure 7.16 shows the isothermal magnetization studies for all the samples carried
out in a field range of 0—50 kOe at various temperatures between 120 K-240 K in a
temperature interval of 5 K. It can be seen that the magnetization increases sharply at
lower fields and then increases gradually with increasing field and does not show any sign

of saturation, even at 50 kOe.
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Figure 7.16. Isothermal magnetization curves measured at different temperatures
between 120 K and 240 K for Lao.7Teo3sMn1.xC0xO3 (x=0, 0.1, 0.3 and 0.5).
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The isothermal M-H curves were used to estimate the magnetic entropy change

(-ASwm) for all the samples using Equation 1.19 described in Chapter 1 and are shown in

Figure 7.17. All the curves show a broad maximum of -ASwm around their respective Tc.

The value of -ASw peak increases with the field and the peak position remain nearly

unaffected. Under a magnetic-field variation of 50 kOe, the maximum magnetic entropy
change for Lao7TeosMn1xCoxOs is 2.1, 2.3, 2.4, 2.2 J/kg K for x=0, 0.1, 0.3 and 0.5

respectively. It can be seen that with increase in Co substitution, the -ASwm peak broadens.

Also, there is only a gradual increase in the magnetic entropy change with increase in Co

substitution. It can be clearly seen that MCE strongly depends on the values of AM.
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Figure 7.17.The magnetic entropy change -ASwm as a function of temperature in various
magnetic fields for Lao.7Teo.sMn1.xCoxO3 (x=0, 0.1, 0.3 and 0.5).

In addition to the magnetic entropy change, RCP corresponds to the amount of

heat that can be transferred between the cold and hot reservoirs of the refrigerator in an
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ideal thermodynamic cycle (Gschneidner et al., 2000). The goodness of the RCP in a
given magnetic field is reflected in the efficiency of the refrigerator. The magnetic cooling
efficiency of a magnetocaloric material can be evaluated by Equation (1.26) described in
Chapter 1. The RCP values obtained for x= 0, 0.1, 0.3 and 0.5 for a field change of 50
kOe are 94, 110 and 115 and 121 J/kg respectively and is shown in Figure 7.18. The
compounds show considerable RCP making it promising candidate for magnetic

refrigeration applications in the sub room temperatures.
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Figure 7.18. RCP of Lao.7TeosMn1xCoxOs (x=0, 0.1, 0.3 and 0.5) at different fields.

7.3.4. Critical exponent analysis

In an attempt to understand the exact nature of the FM-PM phase transition, Arrott
plots (M? vs. H/M) were constructed for all the compositions x= 0, 0.1, 0.3 and 0.5 at
different temperatures and is shown in Figure 7.19. Arrott plots are generally used to
determine the order of the magnetic phase transitions. According to the criterion proposed
by Banerjee, the order of magnetic transition can be determined from the slope of the
isotherm plot (Banerjee, 1964). If the M? versus H/M curves show a negative slope, the
transition is of first order while a positive slope corresponds to a second order transition.
In our samples, the Arrott plots show a positive slope, thus confirming the second order
nature of phase transition from PM to FM phase. This result is consistent with the absence
of thermal hysteresis in the vicinity of the PM to FM transition as shown in Figure 7.13,

thereby confirming the second order nature of this transition.
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Figure 7.19. Arrott plots for Lao.7Teo.3sMn1-xCoxO3(x=0, 0.1, 0.3 and 0.5).

In order to understand the exact nature of magnetic phase transitions, we have
carried out a detailed critical exponent analysis using scaling hypothesis for all the
compositions. According to the scaling hypothesis, the critical behavior of magnetic
systems showing second order magnetic phase transition near the Curie temperature is
characterized by a set of interrelated critical exponents, § associated with the spontaneous
magnetization (Ms), y associated to the initial magnetic susceptibility (xo), and &
associated with the critical magnetization isotherm (Stanley et al., 1971). These critical

exponents are mathematically expressed as:

M, (T)=M,(-t)" t<0T<T, (7.2)
T =Tty ts0T ST, (7.3)
MO
1
M=DH® t=0T-=T, (7.4)
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where t =(1-T/T¢) is the reduced temperature and Mo, ho/Mo and D are the critical
amplitudes. The critical exponents have been deduced from the field dependence of MCE,
as reported by Franco et al. (Franco et al., 2006; Franco et al., 2007). The field
dependence of the magnetic entropy change of materials with a second order phase

transitions can be expressed as
AS,, =aH" (7.5)

where n depends on the magnetic state of the sample (Oesterreicher et al., 1984). The
value of n is determined from the linear plot of In (-ASwm) vs. In (H) at Tc and is shown
in Figure 7.20 (a) and 7.20 (b). The obtained values of n are 0.79(1), 0.73(8), 0.66(1) and
0.73(8) for x=0, 0.1 0.3 and x=0.5 respectively. The critical exponents are determined by

1 1
n=1+g(1—EJ (76)
L-1
=1 1.7
n +ﬂ+7 (7.7)

The value of 8 is independently determined from the slopes of In M vs. In H plot at Tc
for all the compositions and the obtained values of 6 are 3.9191 (4), 4.2063 (4), 3.5872
(7) and 3.0540 (7) respectively (insets of Figure 7.20 (a) and 7.20 (b)). The values of n,
B, y and & are tabulated in Table 7.2. It can be seen that the nature of magnetic transition
lie between the 3D Heisenberg model and the mean field model in these compounds. For
x=0 and 0.1, none of the theoretical models, i.e., the 3D Heisenberg model or the Ising
model with short range magnetic exchange interaction or the mean field model with long-
range magnetic exchange interactions describe the magnetic phase transition completely.
However, the deduced values of the critical exponents for x = 0.3 and 0.5 are close to that
of the mean field model, though the value of vy is slightly higher than that predicted for

the mean field model indicating long range magnetic interactions.
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Figure 7.20. In (-ASm) vs. In (H) for Lao.7Teo.sMn1xCoxO3 (a) x=0 and x=0.1 and (b)
x=0.3 and 0.5. Inset shows In M vs In H plots for Lao.7Teg.3sMn1xCoxOs.
The reliability of the calculated exponents P and y can be confirmed by
using the scaling theory. According to the scaling hypothesis (Stanley et al., 1999), M(H,
t) is a universal function of T and H and the experimental M(H) curves in the critical

region are expected to collapse into the universal curve following the relation

M (H, D[ = f.H [{ (7.8)

where f+ and f- are regular analytical functions which results in two different branches,
I.e., for the paramagnetic state (+) for T > Tc and the ferromagnetic state (—) for T < Tc

respectively and are depicted in Figure 7.21.
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Table 7.2. Comparison of critical

parameters for

Lao.7Teo.sMn; - xCoxOs with the various theoretical models

electron-doped manganite

Composition | T¢(K) n B Y o Ref.
Laop7TeosMn -
xC0xO3
x=0 160 0.79+0.01 0.55+0.01 1.60+0.02 3.92+0.01 | This work
x=0.1 165 0.73+0.01 0.47+0.01 1.50+0.01 4,21+0.01 | This work
x=0.3 180 0.73+0.01 0.45+0.01 1.17+0.01 3.59+0.01 | This work
x=0.5 220 0.66+0.01 0.55+0.01 1.13+0.02 3.05+0.01 | This work
Mean Field - - 0.5 1 3 Kaul, 1985
model
3D Heisenberg - - 0.365+0.003 | 1.336+0.004 | 4.80+0.04 | Kaul, 1985
model
3D Ising - - 0.325+0.002 | 1.241+0.002 | 4.82+0.02 | Kaul, 1985
model
Tricritical - - 0.25 1 5 Kaul, 1985
mean field
theory

Hence, the construction of the universal curves for these compositions can be

considered as a test of the accuracy of the critical exponents estimation presented here.

For low applied field values, the curves of In Mt * versus In Ht “#" have two branches,

one for the isothermal curves at temperatures just below the critical temperature (upper

branch) and the other for the curves at temperatures just above it (lower branch). For

higher fields, these two branches converge into a single universal curve which confirms

the fact that these compounds do belong to the same universality class. It can be clearly

seen that all the data fall on two curves, one for T<T¢ and another for T>T¢ indicating

that the obtained values of Tc, B, y and & are reasonably accurate.
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Figure 7.21. Scaling plots (Mt® vs Ht “#*Y)) of Lag7Teo3sMn1xCoxO3(x=0, 0.1, 0.3 and
0.5) below and above Tc in In—In scale.

7.4.Conclusions
The effect of Co doping at Mn-site on the structural, magnetic and magnetocaloric

properties in the electron-doped manganites Lao.7TeosMni—xCoxO3 (x=0, 0.1, 0.2, 0.25,
0.3 and 0.5) has been investigated. XRD and Rietveld refinement confirm structural
transition from rhombohedral (x=0 and x=0.1) to orthorhombic (x>0.2). The structural
transition is attributed to the disordered distribution of Mn?*/Mn*" and Co?*/Co** ions
which has been confirmed from XPS analysis. All samples undergo a paramagnetic—
ferromagnetic phase transition. With increase in Co content to x=0.1, the T decreases,
indicating the weakening of the double exchange interaction. However, with further
increase in Co concentration, T¢ increases, indicating a strong ferromagnetic exchange
interaction. Reentrant spin glass behavior is observed at low doping concentrations due
to the presence of competing FM-AFM exchange interactions. Magnetocaloric property

of the electron-doped manganite has been investigated. Relatively large values and broad
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temperature interval of MCE makes the present compounds promising candidates for sub-
room magnetic refrigeration applications. Arrott plots reveal second order nature of
magnetic transition for all the samples. Critical exponents have been deduced from the
field dependence of MCE. The field and temperature dependent magnetization behavior
follows the scaling theory, and all the data points fall on the two distinct branches; one
for T<Tc and the other for T>Tc indicating that the critical exponents thus obtained are
reasonably accurate. The magnetic exchange interactions for x=0.3 and 0.5 follow the
mean-field theory.
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Chapter 8

Summary and Scope for future work

This chapter provides a brief summary of the observations
made during the investigation and scope for the future work.
The significant results of the investigation are also outlined

in this chapter.



Summary and Scope for Future work

8.1. Summary

The thesis is a detailed investigation on the structure, magnetic and
magnetocaloric properties of Gd-Si-Ge based Intermetallics and Lanthanum Tellurium
Manganites. The primary interest for choosing these alloys for the present investigation
is to identify novel compositions exhibiting considerable MCE, which can act as a room
temperature magnetic material. During the literature survey on Gd-Si-Ge based
intermetallics, it was found that the presence of monoclinic phase gives rise to a GMCE
in these materials due to the presence of FOPT. However, hysteresis associated with the
FOPT lowers the use of these materials for practical applications. In this regard, efforts
were made to develop materials with reduced hysteresis and MCE near room temperature.
Electron doped manganites were also made a subject of study and the MCE property in

these materials with Cobalt substitution is also investigated

8.1.1. Tuning the structural and magnetocaloric properties of GdsSi-Ge2 with Nd

substitution

» Gds.xNdxSi>Ge based alloys with x=0, 0.05, 0.1 and 0.2 were synthesized by arc
melting and the structure was investigated by Rietveld refinement. The parent
compound crystallizes in a mixed phase of monoclinic and orthorhombic
structures at room temperature. The Nd substituted compound with x=0.05
crystallizes in a monoclinic GdsSi>Ge; structure with P112:/a space group and
undergoes a first order phase transition with a Curie temperature of 275 K while
the higher compositions adopt the orthorhombic GdsSis structure with Pnma space
group. With Nd substitution, the Curie temperature could be tuned to 300 K for
x=0.1.

» Among the compounds studied, an MCE of 7.9, 3.7, and 3.2 J/kg K, respectively,
for a field change of 20 kOe, and 12.8, 7.6, and 7.2 J/kg K, respectively, for 50
kOe has been obtained for x=0.05, 0.1 and 0.2 respectively. A large relative
cooling power of 295, 205, and 188 J/kg are obtained for x = 0.05, 0.1, and 0.2,
respectively, fulfilling the required criteria for a potential magnetic refrigerant in
the room temperature regime.

» The effect of other rare earths such as Sm and Pr are discussed in Appendix A.
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8.1.2. Observation of short range ferromagnetic interactions and

magnetocaloric effect in cobalt substituted GdsSi2Ge2

» Cobalt substituted GdsSi>.xCoxGe2 with x = 0, 0.1, 0.2 and 0.4 has been
synthesized by arc melting and the structural studies using Rietveld refinement
indicate that the samples crystallize in a combination of GdsSi>Ge, and GdsSis
phases. Low-temperature X-ray diffraction measurements confirm the complete
transformation from monoclinic to orthorhombic phase. It is found that

martensitic transition temperature has been decreased by Co substitution.

» Double transition —first order and second order transitions are observed in
GdsSiz2-xCoxGe2 with x = 0, 0.1, 0.2 and 0.4 with the appearance of short-range
ferromagnetic correlations. The first order phase transition is due to a combined
magneto structural transition from monoclinic paramagnetic phase to
orthorhombic ferromagnetic phase on cooling while the second order transition
arises from an orthorhombic paramagnetic to ferromagnetic phase on cooling. DC
magnetization measurements reveal an anomalous low field magnetic behaviour
indicating a Griffiths-like phase. This unusual behavior is attributed to the local
disorder within the crystallographic structure indicating the presence of short-
range magnetic correlations and ferromagnetic clustering, which is stabilized and

enhanced by competing intra-layer and inter-layer magnetic interactions.

» The magnetostructural transition results in an MCE of 9 J/kg K at 260 K for x =
0.1,8.5J/kg K at 245 K for x = 0.2 and 4.2 J/kg K at 210 K for x = 0.4 for a field
change of 50 kOe. Co substitution induces compelling crystallographic and
magneto responsive effects in the Gd-Si-Ge system, which could be useful for
potential and smart applications such as solid-state magnetic refrigeration and
sensitive magnetic switching from paramagnetic to ferromagnetic state. Universal
curve analysis has been carried out on the substituted samples to study the order

of the magnetic transition.
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8.1.3. Understanding the role played by cobalt and iron in tuning the
magnetocaloric properties of GdsSi1.7Gez3

> A series of Cobalt substituted GdsSi1.7CoxGez.3x alloys with x = 0, 0.1, 0.2, 0.3
and 0.4 and iron substituted GdsSi1.7FexGez2 3« alloys with x =0, 0.1, 0.2, 0.3 and
0.4 has been synthesized by the arc melting process.

» X-ray diffraction studies together with magnetization measurements reveal a
mixture of M and O(l) crystal structures at room temperature for lower doping
concentrations (x < 0.3) while the higher doping concentrations result in an O(l)
structure. Low field magnetization data taken in FCC and FCW mode indicate the
presence of two transitions, a FOPT and a SOPT for x=0, 0.1, 0.2 and 0.3 while
only a SOPT is evident for the composition with x=0.4.

» The maximum -ASwm for GdsSi1.7Ge23xCox are 12.8, 14.5, 10.4 and 5.8 J/kg K for
x=0.1, 0.2, 0.3 and 0.4 respectively, for a field change of 50 kOe. For
GdsSiy17Ge23-xFex compounds, -ASw is 11.2, 12.7, 8.3 and 7 J/kg K for x=0.1,
0.2, 0.3 and 0.4 respectively, for a field change of 50 kOe.

» The presence of Griffiths-like phases has been observed all the compositions for
Co substituted compounds. In Fe substituted compounds, GP is evident for
compositions upto x=0.3 while no such behavior has been observed for x=0.4.
Universal curve analysis reveal the transition from first order to second order with

increase in Co and Fe concentration.

8.1.4. Structural properties, magnetic interactions, magnetocaloric effect and
critical behavior of cobalt doped Lao.7TeosMnO3

» Cobalt substituted Lao.7Teo3sMn1.xCoxOz (x = 0, 0.1, 0.2, 0.25, 0.3 and 0.5) has
been synthesized by solid state reaction route in air. A structural transition from
rhombohedral to orthorhombic structure occurs with increase in Cobalt
substitution. XPS results indicate that the structural transition is due to the
disordered distribution of Mn?*/Mn%* and Co?*/Co®" ions.

» For lower Co concentrations, the Curie temperature initially decreases from 165
K in parent compound to 160 K in x=0.1. With increase in Co concentration to
x=0.2, the Curie temperatature increases to 162 K reaching 220 K for x=0.5. The

increase in Curie temperature for higher doping concentrations is attributed to the
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increase in magnetic exchange interactions with Co substitution. The presence of
competing ferromagnetic and antiferromagnetic interactions leads to a glassy
behaviour at low temperatures for low Co doping concentrations. However, for
higher Co concentrations, no such behaviour is observed.

» Arrott plots reveal a second order nature of magnetic transition for all the samples.
The magnetic exchange interactions for x = 0.3 and 0.5 follow the mean-field
model. Magnetization results show that the magnetocaloric property of the
electron-doped manganite is only slightly affected by the substitution of Co at Mn
sites. Relatively large values of relative cooling power and broad temperature
interval of the magnetocaloric effect make the present compounds promising for
sub-room temperature magnetic refrigeration applications.

6.2. Scope for future work

» Temperature dependent neutron diffraction technique could provide deeper
insight into the magnetic structure of substituted Gds(SixGeix)s alloys and
Lanthanum Tellurium manganite. A detailed neutron diffraction measurement has
to be performed to explore the exact reason behind the observation of Griffith’s
like behavior, spin-glass behavior and other properties.

» In addition to the MCE, the investigation of other functional properties such as
magnetoresistance in substituted Gds(SixGe1-x)s can be useful in exploring the
multifunctional characteristics suitable for various possible applications.

» The effect of other transition element on the magnetocaloric behavior and

magnetoresistance of Lanthanum tellurium manganite will be explored.
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Appendix A
Effect of Rare earths such as Sm and Pr on the MCE of GdsSi:Gez

The effect of other rare earths such as Sm and Pr in GdsSi>Ge, was investigated and did
not yield any promising results. The results of Sm substitution is presented below. With
Sm substitution GdsxSmxSi>Gez with x=0.1, the Curie temperature was found to decrease
to 245 K with decrease in -ASm to 3.6 J/kg K at a field change of 50 kOe. This could be
attributed to a second order transition taking place in the compound. Since samarium
substitution produced very low entropy change, higher compositions were not attempted.
On the other hand, with Pr substitution, the sample was found to oxidise very quickly.
Since stable compositions are required as magnetic refrigerants, Pr substitution was not
attempted.
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Figure A (a). Magnetization versus temperature curve of Gds.xSmySi-Ge, with x=0.1 at
500 Oe in FCC and FCW modes. Inset shows the dM/dT curves, (b) Entropy change for
GdsxSmySi2Ge, with x=0.1 at different fields.
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