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PREFACE

The global energy landscape faces a critical challenge—the looming energy crisis. With
escalating demands and the finite nature of conventional energy sources, the need for
sustainable and efficient energy conversion technologies has never been more pressing. In
this context, thermoelectric materials emerge as promising candidates for addressing this
crisis by providing a means to harness waste heat and convert it into useful electrical power.
Thermoelectricity, a phenomenon that enables the direct conversion of temperature gradients
into electrical voltage, holds great promise in mitigating energy scarcity and promoting
sustainability.

Transition metal chalcogenides (TMCs) have garnered significant attention in the field of
thermoelectrics and spintronics, owing to their unique electronic and magnetic properties.
This class of compounds exhibits a rich array of features that make them promising
candidates for advancing technology in both thermoelectric devices and spin-based
electronics. By exploiting the coupling between charge and spin degree of freedom, TMCs
hold potential in the development of spintronic components such as spin valves and magnetic

tunnel junctions.

The core interest of this thesis is concerned with the synthesis of novel TMCs and the
investigation of their low-temperature thermoelectric and magnetic properties. A thorough
investigation is conducted on the originating mechanism that influences various properties in
transition metal chalcogenides. The unusual magnetic properties like Griffith’s like phase,
glassy nature, the variation of thermoelectric and magnetic properties on the substitution at
the transition metal site, and ultralow thermal conductivity due to the spontaneous
nanostructures in these TMCs were explained. This thesis work outlines the design of a few
transition metal ternary chalcogenides as well as cutting-edge methodologies for developing

high-performance thermoelectric materials for power production and spintronics.

XVii



Chapterl

Introduction to Thermoelectrics and Magnetism

1.1. World Energy Scenario

The global energy scenario undergoing a profound transformation driven by a combination of
environmental, technological and geopolitical factors [1]. Historically, the world’s energy
needs have largely been met by fossil fuels, including coal, oil, and natural gas. However,
growing concerns about climate change, air pollution, and energy security have prompted a
fundamental reevaluation of our energy sources and consumption patterns. The global energy
demand is a dynamic and evolving concept, influenced by multiple factors, including
technological advancements, policy decisions and societal preferences. Growing population,
urbanization, industrialization and transportation are the core factors that play a major role in
global energy consumption [2]. Addressing the critical issues associated with fossil fuels
requires a transition to cleaner and more sustainable energy sources, such as renewable

energy (solar, wind, hydro and geothermal) as well as energy efficiency measures.

The World Energy Outlook 2022 (WEQ) [3] of the International Energy Agency (IEA) offers
crucial analysis and perceptions on the effects of this significant and ongoing shock to energy
systems around the world. With the Russia-Ukraine conflict in early 2022, the recovery in
global energy consumption that had followed the pandemic-caused dip in 2020 came to an
abrupt end, causing inflationary pressures to rise and economic development to decelerate.
Governments are being forced to take immediate action in response to the global energy crisis
brought on by Russia's invasion of Ukraine, as well as engage in a deeper discussion about
how to promote energy security and reduce the risk of future disruptions [3]. In response to
rising demand, high natural gas costs, and worries about energy security, many nations have
recently experienced an increase in the usage of coal in the electrical industry; however, this
is only likely to last a short time. Even in the STEPS (Stated Policies Scenario), unabated
coal generation declines from 36% in 2021 to 26% in 2030 and 12% in 2050, demonstrating
the rise of renewable energy, led by solar PV and wind. In the APS (Announced Pledges
Scenario), promises are kept, including net zero emissions commitments in 83 nations and the
European Union. While wind capacity will increase more than double to 210 GW in 2030 and
reach 275 GW in 2050, solar PV capacity will increase from 151 gigawatts (GW) in 2021 to
370 GW in 2030 and over 600 GW in 2050 [4].



IEA estimates annual projections about potential energy demand using several different
scenarios. Figure 1.1 shows an estimation of changes in the global energy based on the Stated
Policies Scenario 2021 and it projects that the total energy demand will increase 21% by

2040 [4].
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Figure 1.1. Changes in the global energy mix, 2020-2040, IEA (Adopted from Ref. [4])

The International Renewable Energy Agency (IRENA) released the World Energy
Transitions Outlook 2023, which is mainly focused on the climate change arising around the
globe. If global temperature rise can be kept to 1.5 °C over pre-industrial levels this century,
as per the Paris Agreement's goals, depends on how well this decade's efforts to reduce
greenhouse gas emissions perform. The World Energy Transitions Outlook’s 1.5 °C scenario
by IRENA proposes a strategy for reaching the 1.5 °C goal by 2050, highlighting
electrification and efficiency as major transition drivers made possible by renewable energy,

clean hydrogen, and sustainable biomass [5].

According to the world energy consumption statistics China, the United States and India are
the biggest consumers of electricity [4]. India is the third largest energy-consuming country
with noticeable progress in exploring renewable energy resources [6]. India bags 4™ place in
renewable energy installed capacity (1000 + GW) that includes wind power and solar power.
The major contributions come from wind power (42.8 GW), solar Power: 67.07 GW,
biomass/co-generation (10.2 GW), small hydropower (4.94 GW), waste-to-energy (0.55 GW)
and large hydro (46.85 GW). India has set a 500 GW of renewable energy capacity as part of



a reduction in carbon emission by 1bn tones by 2030 and achieve a net zero carbon emission
by 2070 [6].
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Thermoelectric generators

Figure 1.2. Schematic representation of production of heat energy from various sectors and

the electricity generation from waste heat.

The need for sustainable energy resources is increasing day by day due to carbon emissions
and other environmental effects caused by conventional energy resources [7]. A large
proportion (60-70%) (Figure 1.2) of energy used worldwide is converted into unused heat
energy and the recovery of this heat energy into useful electrical energy is considered as a
potential candidate of sustainable energy resource [8]. Thermoelectric power generation has
become one of the promising clean energy sources for future energy applications.
Thermoelectric generators directly convert heat energy into electrical energy and also find
applications in the field of heating and cooling [9]. Thermoelectric devices have special
attention due to their reliability, compact size, silent operation, longevity, scalability, low
operation cost, compatibility with renewable energy and environmental friendliness. The

efficiency of the thermoelectric generators was limited to 5-8% and to get a higher efficiency



of ~30-33 % the material should possess the highest figure of merit (ZT) in the range of 3-4
[10]. The conventional inorganic thermoelectric materials have ZT~1 and there is a serious
search for new materials and methods that generate the highest efficiency [11].In the past two
decades, the field of thermoelectricity has advanced rapidly by introducing new concepts for
the development of high-performance thermoelectric materials [12,13] (Figure 1.3).
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Figure 1.3.The high ZT thermoelectric materials generated over the past two decades {Ref.
[10,14]}.

1.2. Basic Concepts of Thermoelectricity

The history of thermoelectricity started at the end of the XVIII century in connection with the
research on the effect of electricity on animals by the Italian physician, physicist and
biologist Luigi Aloisio Galvani [15]. In 1821 German physicists observed that a closed circuit
made up of two dissimilar metals with the two junctions maintained at different temperatures
resulted in a deflection on the compass needle kept near the circuit and later named it the
Seebeck effect [16]. The reverse phenomenon of the Seebeck effect was discovered in 1834
by French physicist Jean Charles Athanase Peltier. In the Peltier effect, the applied current at
the junctions of dissimilar metals results in the heating or cooling of the junction concerning
the direction of current flow [16]. British mathematical physicist William Thomson found the
third thermoelectric effect, which covers the release or absorption of heat due to the current
flow in a homogeneous material under a temperature gradient [17]. Figure 1.4 depicts the

working principle of Seebeck and Peltier effect [18].
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Figure 1.4. Schematic diagram of (a) Seebeck effect, (b) Peltier effect {Ref.[18]}

The thermoelectric modules are composed of electrically series and thermally parallel n-type
and p-type semiconductor legs. The diffusion of charge carriers from the hot end to the cold
end generates a thermal voltage in a thermoelectric device. The efficiency (n) of the
thermoelectric module is the ratio of the applied power (P) of the heat flow to the heat

absorbed (Q) from the hot side of the module and it is expressed as

l’L_
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The maximum efficiency [19] of the thermoelectric device can be represented as

V1+ZT-1
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n=nc(
Where nc = (Ty-Tc)/ Ty is the Carnot efficiency, ZT, Ty and T¢ are the figure of merit, hot
and cold side temperatures respectively. The conversion efficiency of the thermoelectric

module mainly depends on the ZT of the material.
1.3. Optimization of Thermoelectric parameters

The performance of a thermoelectric material is expressed by the dimensionless figure of
merit (ZT) [20] and it mainly depends on three material properties electrical conductivity (o),

thermal conductivity (k) and Seebeck coefficient (). It is expressed as




Where T is the absolute temperature. Another parameter that quantifies the quality of the
thermoelectric material is the power factor (PF) and it is the product of o and o. The
optimization of various electronic and transport properties is required to get a high ZT value.
In the area of thermoelectrics, there is an inevitable optimization of electronic and thermal
transport parameters. To attain the maximum ZT the material should have a large Seebeck

coefficient, high electrical conductivity and low thermal conductivity [21].
1.3.1. Seebeck coefficient

The magnitude of the thermoelectric effect is measured by the parameter Seebeck coefficient.
It is also termed the thermopower and is expressed as the ratio of the voltage (dV) generated

to the temperature gradient (dT)
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The thermodynamic characteristics of the Seebeck coefficient are explained by considering
the charge carriers within the material as a thermodynamic system. The change in Gibbs free

energy (G) of the system is given by [22]
dG =—SdT +udN

Where S is the entropy, p is the chemical potential and N is the number of charge carriers.
The temperature-dependent variation of chemical potential is connected to the entropy per

charge carrier as
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Where 0 is the entropy per charge carriers. In the Seebeck effect, the thermoelectric material
is maintained at different temperatures and it leads to the difference in chemical potential.

The generated chemical potential can be related to the electrical potential (®) by
Ap=2E or £
q q

Where q is the amount of charge per charge carrier and the Seebeck coefficient can be

expressed in terms of both electrical potential and thermal potential
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The Seebeck coefficient can be positive (holes) or negative (electrons) depending on the
nature of the carriers. The presence of both n-type and p-type carriers results in the
cancellation of Seebeck voltage and that reduces the overall Seebeck coefficient. For metals

or degenerate semiconductors, the Seebeck coefficient is given by the Mott equation [23]

_ 8mkpT
~ 3eh?

* l 2/3
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Where n is the carrier concentration and m* is the effective mass of the carrier. According to
this relation low carrier concentration in semiconductors and insulators results in a high

Seebeck coefficient and the effective mass of the carriers also enhances its value.
1.3.2. Electrical conductivity

The electrical conductivity of the material is related to the carrier concentration (n) and

mobility (i) through the relation
G =nep

The low carrier concentration results in low electrical conductivity (high o) and it is proposed
that the material-optimized carrier concentration in the range of 10**-10?* per cm® (Figure1.5)
shows a high ZT value [23]. Heavily doped semiconductors are considered the promising
thermoelectric candidate. The carrier concentration connects the transport parameters
electrical conductivity, thermal conductivity and Seebeck coefficient, an optimized carrier
concentration results in a high figure of merit. Another conflicting parameter is the effective
mass (m*) of the charge carrier, the effective mass of the carriers will increase with a high
DOS at the Fermi surface; it completely depends on the nature of bands. It is observed that a
large effective mass enhances the Seebeck coefficient but results in lower electrical
conductivity due to less contribution to mobility. Efficient thermoelectric materials can be

found within a wide range of effective masses and mobilities [21].
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Figure 1.5. Optimization of various transport parameters with carrier density {Ref. [24]}

1.3.3. Thermal conductivity

The major transport parameter that controls the efficiency of the thermoelectric material is
the thermal conductivity; the low thermal conductivity enhances the figure of merit of the
material. The total thermal conductivity comes from both electron and phonon contribution as
k=k, + k;, the electronic thermal conductivity is related to the electrical conductivity by

Wiedemann-Franz law
k., = LoT

Where L is the Lorenz number, it has a value of 2.44 x 10-8WK for metals and 1.48 x 10"
BWQK™ for semiconductors. Decreasing electronic thermal conductivity will automatically
reduce electrical conductivity. The Lorenz number can be deduced from the Seebeck
coefficient by using the formula [25]

al

L=15+exp[— |1T6]

Where L is in 10®WQK™? and a is in uV/K, k, can be obtained by using this L value and

thereby k;.The only parameter that can be modified without affecting other electronic



parameters is lattice thermal conductivity. The lattice thermal conductivity can be expressed

in terms of specific heat at constant volume (Cy/), mean free path (1), acoustic velocity (Vs)
k; =1/3C,lvs

At low temperatures (below 40K), the lattice thermal conductivity and Cy is a subject of
Debye T law, phonon scattering is not significant in this choice of temperature due to the
low number of excited phonons and their extended wavelength. At elevated temperature,
above Debye temperature, C, reaches the classical value of 3R, making k; mainly depend on |
which is contributed by phonon-phonon scattering. The complex structures, point defects,
grain boundaries, nanostructures in bulk materials and lattice anharmonicity due to lone pair
induce the phonon scattering and thereby reduce lattice thermal conductivity in
thermoelectric materials to achieve the high figure of merit [26]. Latest studies reveal that the
criteria for an ideal thermoelectric material are phonon-glass electron-crystal (PEGC)
characteristics. The electron crystal part of the semiconductor provides high electrical
conductivity; the phonon-glass nature blocks the phonons and thereby reduces the thermal

conductivity [27].
1.4. Mechanisms and methods to enhance Figure of merit

The conflicting thermoelectric properties can be optimized through various mechanisms that
include tuning the carrier concentration, enhancement of the effective mass (m*), carrier
mobility improvement by doping, reducing thermal conductivity and decoupling of electronic
and thermal transport. The strong correlation between S, o, and k with n can be tailored by
controlled doping mechanisms. Instead of conventional doping functionally graded doping
and temperature-dependent doping can certainly alter the carrier concentration at a required
level and result in high ZT in the entire temperature range. In graded doping the materials
with different carrier densities were stacked by spark plasma sintering or hot press method
[28]. The temperature-dependent solubility of dopants in host material results in a carrier
concentration gradient and can easily be controlled by varying the temperature. Bergum et al
report that Ag, Cu and Pb are insoluble in PbTe at room temperature and are soluble at
elevated temperatures and the temperature-dependent carrier concentration contributes to the
enhanced thermoelectric properties [29]. Figure 1.6 (a)-(d) depicts the variation of

thermoelectric parameters with various doping mechanisms [30].
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Figure 1.6. Various mechanisms to enhance thermoelectric properties [Ref. [14]]

The effective mass of the carrier has a major role in achieving the maximum ZT, the
enhancement in the carrier effective mass can be attained by various methods that mainly
comprise increasing the number of band extrema (Nv) and band effective mass (m, ). The
number of band maxima is associated with the crystal structure symmetry, efficient
thermoelectric materials like PbTe, SiGe, Mg,Si and CoSbs possess Ny>1. Band convergence

is another widely acceptable technique that is used to increase the Ny on a higher level [31].
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The band flattening and emergence of resonant levels through chemical doping are the two
important strategies to achieve large band effective mass near the Fermi level (Figure 1.6 (e-
g)). The dopants with highly localized orbitals can decrease the orbital overlap and the
flattening of the band [32]. The resonant levels originated due to the coupling between the
electrons of the dilute impurity with the valence or conduction band electrons of the host

material and the excess density of states enhances the m,” and the Seebeck coefficient [33].

The high-efficiency TE materials are heavily doped semiconductors with carrier
concentration in the range of 10*°-10?* /cm?® and these results in the decrease of mobility due
to the increased ionized impurity scattering. The 3D-modulation doping mechanism is
presented to enhance the p in TE materials. The modulation-doped samples are composites of
undoped and heavily doped materials of lower carrier concentration (higher mobility) and
higher carrier concentration (lower mobility) respectively. The Fermi level imbalance
between the undoped and heavily doped materials results in the movement of charge carriers
from the heavily doped region to the undoped region and that leads to mobility enhancement
[34]. Figure 1.6h shows the mechanism of modulation doping on n and p-type material with

examples of the materials SiGe and BiCuSeO.

The performance of the thermoelectric materials was widely enhanced through the reduction
in total thermal conductivity by tuning the lattice thermal conductivity through various
strategies. The lowering in k; was achieved by phonon scattering at atomic scale defects,
nanoscaled precipitates and mesoscaled grains of the materials. The imperfection in the host
lattice in the atomic scale range was introduced by various doping methods such as single
element, cross substitution and creation of lattice vacancies [35]. Cross-substituted
compounds (replacing one or more elements with different oxidation states while maintaining
the same overall valence) attained greater attention than single doping due to their larger
solubility limit than that of the latter [36]. The atomic mass contrast between the guest and
host atom can significantly reduce the lattice's thermal conductivity [37]. The presence of
nanostructures plays a major role in thermoelectric materials due to their capability of
promoting the scattering of phonons. The ex-situ and in-situ methods generate nanostructures
in these materials[38,39]. The chemical/mechanical mixing of nanostructures on the host
atom termed the ex-situ process and in the in-situ process, secondary precipitates emerge
from the thermodynamically driven processes, which are act as the barriers for phonon
transport. The mesoscale structuring was introduced for the scattering of long wavelength

phonons. Row et.al reports that in SiGe, grains having a length scale less than Spum
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effectively scatter long wavelength phonons [40]. The combination of point defects,
nanostructuring and mesoscale structuring results in all-scale hierarchical architectures that
can achieve the strongest phonon scattering and lead-free chalcogenides such as SnTe,
AgShSe;, GeTe, CoSbsz and In,03 comes under this category [27] (Figure 1.7).

Some compounds have low thermal conductivity due to the anharmonicity of the lattice
vibrations and the lattice anharmonicity comes from the asymmetry in the vibrations of atoms

about their mean positions.
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Figure 1.7. (a) Schematic diagram of all scale hierarchical architectures for phonon
scattering, (b) an analysis of variation of cumulative ki, with phonon mean free path in PbTe,

(c) Temperature dependence ki for all scale hierarchical architectures in SnSe {Ref.[14]}

The asymmetry is generally exhibited by soft lattices or lattices that are not well packed and
have some sort of asymmetric movement of atoms [41]. From previous reports, it was found
that the presence of a lone pair of electrons can contribute to the lattice anharmonicity,
rocksalt-based ABX, (A= Cu, Ag, Au, Na, K, Rb, Cs: B= Sh, Bi, As X = S, Se, Te)
compounds normally comes under this category. The origin of the anharmonicity in these
materials emerged from the s lone pair of electrons of the group V elements. In AgSbTe,; Sh

has the valence electron configuration of 5s?5p®, the trivalent Sb forms polar covalent bonds
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by sharing its p electrons with Te and the s? lone pair forms a separate band. The competition
between the covalent bonding and lone pair repulsion results in crystal instability and thereby

lattice anharmonicity [42].
1.5. Class of Inorganic Thermoelectric materials

A wide range of materials with diverse properties was reported in the area of thermoelectric
applications. Numerous thermoelectric materials have been developed, which include metal
oxides, skutterudites, clathrates, half-Heusler intermetallic compounds, zinc phases,
inhomogeneous nanostructured materials, nanocomposites, chalcogenides and polymer-based

thermoelectric materials (Figure 1.8).

Skutterudites are deeply studied compounds having efficient thermoelectric properties,
having CoAss-type structure with the cubic space group Im3-. The structure is made up of
eight corner-shared ABg (A= Co, Rh, Ir; B = P, As, Sh) octahedra. It's a distorted version of
the perovskite-type structure. The Figure 1.8a shows the structure of this system, it has
framework of B atoms forming polyhedral cages, within which metal atoms are located. The
arrangement of A and B atoms within the lattice gives unique electronic properties due to
their geometry, scattering at A atoms lessen the lattice's thermal conductivity appreciably.
The different sized ion in the voids leads to larger disorder and lesser thermal conductivity
[43,44].

These are cage-like compounds where the cages are formed by the host atoms that include the
so-called guest atoms, which are formed by the elements of groups 13 and 14 as host atoms
and the cationic guests are group 1 or group 2 elements. Clathrate 1 type has the general
formula MgT46, with M = N, K, Ba; T = Al, Ga, In, Si, Ge, Sn and Clathrates Il, 11l have the
general form My4T135 and M3oT172 correspondingly with the similar M and T elements. Most
of the Clathrates | have a narrow band gap semiconducting nature. SrgGa;6Geso, BagGaisGeso,
BagGaiSizg, and BaglnigSnsg were Clathrate | with an ideal number of 184 valence —electrons

[45].Both n-type and p-type Clathrates reported with ZT greater than 1 at high temperatures.

Heusler alloys are intermetallic compounds of the form X,YZ, where X and Y and TMs, Z
are from groups 13-15. These materials found applications in the fields of spintronics and
thermoelectrics. Another class of thermoelectric materials are half-Heusler (HH)
intermetallic compounds (general formula is XYZ, where X, Y are transition metals and Z is
a main-group element), MNiSn (M = Ti, Hf, Zr) [46] is the widely studied compound. These
materials have high melting points of 1100-1300°C and are chemically stable near 1000°C
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[47]. For n-type ZrosHfosNio.gPdo2Sno.g9Sho.01[48] reported with ZT=0.7 at 800K. It was
observed that the thermal conductivity of the HH is reduced by increased atomic disorder at

the transition-metal sites, which induces mass fluctuations and strain field effects [49].
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Figure 1.8. Class of thermoelectric materials

Metal oxide is another candidate for thermoelectric materials; they possess high thermal and
chemical stability in air. Most oxides are poor conductors with low charge-carrier mobility.
The well-known oxide thermoelectric material is NaCo0,0,4 [50] with thermopower of the
order 150p V/K at a high-temperature range and the polycrystalline sample has ZT~0.8 at
1000K and ZT>1 for single-crystal sample at 800K [51]. CazCo40q [52], (Bi, Pb),Sr,C0,0g
[53], TISr,Co,0y, SrTiO3 [54], doped ZnO [55] are widely studied oxide thermoelectric

materials.

Chalcogenides are promising thermoelectric materials, most of them show a semiconducting
nature that is essential for the high figure of merit. Their versatility in combination with other
elements and slight variation in electro negativity between sulfur, selenium and tellurium
obtains semiconductors with energy gaps required for thermoelectric applications. These

materials are air-stable have high melting points and can be applied for a wide range of

14



temperatures [56]. The majority of Chalcogenides are tellurium and recently selenium and
sulfur-based materials have arisen due to their availability less toxicity and rich abundance in
comparison with tellurium. PbTe, Bi2Tes, and SnTe are traditional thermoelectric materials.
PbTe exhibits outstanding thermoelectric properties at high temperatures and has applications
in NASA space missions. PbTe is a semiconductor with a band gap of 0.32eV [57], a highly
symmetrical crystal structure that is contradictory to the postulate for an ideal thermoelectric
material. It was reported that n-type PbTe holds a ZT value of ~1.4 between 700 K and 850 K
[58]. SnTe crystallizing in a strongly distorted NaCl variant in two different modifications
[59] has low thermal conductivity due to the combination of anharmonic and anisotropic
bonding caused by the lone pair of Sn*" as reflected in its heavily disordered SnSe;
polyhedron. Nanostructuring in Bi,Tes lowered the lattice thermal conductivity below K; =
0.5Wm™K™ and maximised the zT. The Bi,Tes/Sh,Tessuperlattices have ZTma x= 2.4, and
Bi,Tesz nanowires also have zT = 2 at room temperature [60]. More recently, there has a
significant research on the thermoelectric properties of SnSe materials due to their easiness in
synthesis and stability for commercial applications [61]. The ternary chalcogenides with
complex structures and interesting transport properties were reported in the past few years.
There is serious research on designing such thermoelectric materials with large unit cells, low
thermal conductivity and noticeable chemical properties. The hole-doped narrow band gap
semiconductor CsBi,Teg of this category has a ZT of 0.8 at 225 K [62].

Recently transition metal based chalcogenides having layers or without layered structure
found special interest due to their special crystal structures and band characteristics
originating from the electronic properties of the transition metals. Transition metal
dichalcogenides have a general chemical formula MX5, where M is the transition metal and X
is the chalcogen. In these materials the atoms within the X-M-X sheets were bound by strong
covalent bonds and the layers were connected through van der Waals forces and this van der

Waals gap helps to intercalate organic or inorganic materials to tune their properties [63].

Thallium-based chalcogenides exhibit low thermal conductivity which includes TIAgqeTes
[62] with ZT . x = 1.2 at 700 K and TI,Ag1,Ter4 With ZTax = 1.1 at 520 K [27]. The double
rattling phonon modes of Ag and Sb in AgBi3Ss contribute ultralow thermal conductivity of
the order of 0.4 Wm™K™ at 800 K [64]. Another class of emerging thermoelectric materials is
chalcoantimonates, the well-known thermoelectric materials AgSbTe, and AgShSe, come
under this category. The lone pair in heavy atoms contributes to anharmonicity and there is

extremely low thermal conductivity and energy filtering, the large effective mass of charge
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carriers due to the presence of localized states contributes to the high Seebeck coefficient in

these materials [65]. Figure 1.8 shows the structure of various thermoelectric materials.

The transition metal-based magnetic chalcogenides have found applications in the field of
spintronics. The materials having the general formula M,AQ4 (M- Transition metal; A-Si, Ge
and Sn; Q-S, Se, Te) were reported with complex crystal structures and exotic magnetic
properties. Compositional variation, doping or substitution at the TM site can vary the
magnetic properties in a wide range. There is a recent study on the synthesis and magnetic
properties in van der Waal (vdW) layered magnetic material [66], and the materials FePSs,
MnPS;, CrGeTes and MnBi,Te, are a few examples of vdW materials. Korotaev et al. report
that CuCrS, materials exhibit colossal magnetoresistance (CMR) and are considered a
promising candidate for magnetic sensors and magnetic memory devices [67]. New magnetic
chalcogenides were also investigated through theoretical studies, Rouf et al. investigated a
new class of materials SrX;Ss (X = Co, Fe, Mn) with half-metallic ferromagnetism through
DFT for spintronics application [68]. Recent studies reveal that a few magnetic ternary
layered chalcogenides were also found with efficient thermoelectric properties. The class of
magnetic chalcogenides ACrX,, where A= Ni, Cu, Ag; X=S, Se were considered as new
layered thermoelectric materials. The new compounds CuCrX; and AgCrX, exhibit a
maximum ZT of 2 at 300 K, and 1 at 873 K respectively [69]. Bhattacharya et Al. report that
sandwich-like (AgCrSe;)os (CuCrSe;)os exhibit ZT of 1.4 at 773 K [70]. Transition metal-
based chalcogenides were the promising candidates for materials developed for
thermoelectric and spintronics applications. There is also an emerging area of spin-based
thermoelectric devices, the underlying effect is the spin Seebeck effect where the spin current

in a ferromagnetic metal generates voltage perpendicular to the current direction [71].
1.6. Magnetic Properties of Transition metal Chalcogenides
1.6.1. General introduction to magnetism

Magnetism is an exciting phenomenon found in Nature and it plays an inevitable role in the
present technology, especially in spintronics applications. The history of magnetism was
associated with the loadstones (which are naturally magnetized pieces of magnetite —Fe3z0,)
that were found to attract iron. In 1820, the Danish physicist Hans Christian Oersted found
the connection between electricity and magnetism and that resulted in a breakthrough in the
area of magnetism. Later Pierre Curie and Pierre-Ernest Weiss formulated temperature-

dependent magnetic properties [72]. The magnetic behavior of a compact material is
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associated with the spins of the unpaired electrons; the associated magnetism of a single

electron can be expressed in terms of Bohr magneton (ug)

_ eh
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Where e is the charge of an electron, A=h/2m, h is Planck’s constant and me is the mass of the
electron. When an external magnetic field (H 4pp) is applied to a material, the magnetic
dipoles in the material align in a particular direction which is termed the magnetization
direction resulting in a net magnetization (M). The magnetic induction (B), which is the total
flux of magnetic field lines through a unit cross-sectional area of the material, is expressed as
[72]

B = o (M+H)

Where o = 4nx 1077 H/m is the permeability of free space and the other parameter that
quantifies the magnetic response of a material is termed the magnetic susceptibility () and it

connects the magnetization (M) and the applied magnetic field (H 4pp) by the relation

1.6.2. Classification of magnetic materials

Materials were classified as diamagnetic (DM), paramagnetic (PM), ferromagnetic (FM),
antiferromagnetic (AFM) and ferrimagnetic (FiM) based on the order of spin (Figurel.9). The
materials exhibit weak magnetism comes under the Diamagnetic and it arises from the orbital
motion of the electron under the applied field. In DM the electrons are paired and they are
repelled by the applied field. These materials have negative magnetic susceptibility and are
independent of temperature, superconductors are perfect diamagnets and other examples are
water, noble gases copper etc [73]. The paramagnetism is observed in materials having
unpaired electrons, leading to the temporary alignment of their magnetic moment. The
external magnetic field results in the alignment of a small fraction of spins in PM materials

and that contributes to a small positive susceptibility.
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Figure 1.10. Identifying various terms in the hysteresis loop of an FM material, Ref. [74]
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In FM materials, the strong interaction between the atomic moments results in the parallel
arrangement of spins and that leads to spontaneous magnetization. To explain the strong
interaction Weiss introduced the concept of molecular field and this internal magnetic field
magnetizes the material to saturation. According to Weiss's theory, the FM materials are
composed of small magnetic regions named as domains, the magnetic domains are aroused in
this material due to mutual exchange interaction. The FM material has a transition
temperature Tc, below this particular temperature material exhibits FM nature and above it is
PM and also it has a non-linear field dependence of magnetization. The magnetic hysteresis
loop shown in Figure 1.10 shows the saturation magnetization which is the point of saturation
of magnetization at higher fields as Ms The reduction in Hay, to zero does not result in zero
M, and some magnetic flux remains even at zero field is termed as remanent magnetization

(MgR). The reverse field required to demagnetize the material is known as the coercivity (Hc).

In AFM materials, the spins are aligned antiparallel to each other and that results in net zero
magnetization. This particular type of spin ordering is observed below a critical temperature
known as Neel temperature (Ty). It has a linear field dependence on magnetization and has a
small positive magnetic susceptibility. In FiM materials the spins are aligned antiparallel but
there is a net magnetization due to the difference in magnitude of the magnetic moments of
the associated spins. They have spontaneous magnetization below T in the absence of an
applied field and act like an FM material [73]. The Curie-Weiss law is generally defined for
the PM materials and other magnetic materials obey this law above their Curie or Neel
temperature and are useful in calculating various constants. The expression for the Curie-

Weiss law is given by

Where C is the Curie constant and 6 is the Curie temperature and is positive for FM and
negative for AFM [73].
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Figure 1.11. Susceptibility versus temperature plot for AFM, FM and PM materials

Figure 1.11 shows the magnetic susceptibility versus T plot for FM, AFM and PM materials.
The transition from AFM to FM is denoted as Ty and FM to PM as Te.

1.6.3. Glassy nature

In 1972 Candella and Mydosh [75] found the existence of a new kind of magnetic material
having short-range ordered frustrated magnetic moments, which are termed spin glass (SG)
materials. The interaction of the random distribution of magnetic spins results in a classical
phase transition at a critical temperature and the phase transition into a new state of matter: a
frozen glass of spins is defined as the spin glass. The magnetic frustration in these materials
arises from the competing AFM and FM interaction and their behaviour is similar to glass.
The glass materials are amorphous due to their short-range crystalline order and SG has a
short-range magnetic order. The combination of randomness, frustration and competing
interaction in magnetic material generates the frozen phase as the SG, this particular phase
transition is associated with a temperature known as the freezing temperature (T). In SG the
spins are individually oriented and if they form a cluster of frozen spins oriented in a
particular direction below Tt is known as the cluster glass (CG). Figure 12 shows the pictorial
representation of SG and CG, frequency-dependent AC susceptibility measurements were
widely used to characterize the glassy nature. The magnetic disorder in these materials can be

20



intentionally introduced by various methods by alloying, doping or substitution at different

sites and unintentionally by anti-site mixing, associated grains or boundaries [76].

Spin glass Cluster glass

Figure 1.12. The glassy nature of magnetic materials

1.6.4. Griffiths-like phase

Figure 1.13a depicts the 1/y versus T plot for AFM, PM and FM materials, it was found that

magnetic materials exhibit a deviation from linear fit on the CW plot and that downturn in 1/y,

(Fig.1 13b) is associated with a different magnetic phase.
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Figure 1.13. 1/y versus T plot for (a) AFM, PM and FM and (b) Griffith-like phase.

A new magnetic phase named Griffiths-like phase (GP) was introduced by Griffith in 1969 to
discuss the quenched randomness on the magnetization of a dilute Ising FM and in this

material, there is an arrangement of magnetic spins and nonmagnetic atoms or vacancies at
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different sites of the lattice. The GP is defined as the presence of short-range ordering of FM
clusters in the PM matrix in a particular range of temperature Tc <T< Tg, where Tg is the
temperature at which the FM clusters tend to nucleate and T is the Curie temperature. This
phase was initially reported in perovskite manganites and later in various systems like layered
manganites, Fermi materials and spin glass systems [77]. The quenched magnetic disorder in
these magnetic materials has multiple origins like phase separation, presence of nanometer or
micrometre cluster, micro twining and competing magnetic interactions [78]. In 1987 Bray
elaborated the theory of GP phase and it defined in a range of temperature T < T< TG,
where TZ is compared to the Curie Weiss temperature. Therefore the GP phases are found in
the PM region and are analyzed through a power law that is expressed in terms of

susceptibility (), magnetic susceptibility exponent (A) and temperature (T)
1
¥ (T —TH™

Where A has a value in the range, 0< A< 1 and when its value is close to 1 confirms the GP
phase and if it is close to O refers to the PM phase and decrease in A with rise in field is one
of its characteristics. Recently it was found that some intermetallic AFM compounds also
exhibit the GP phase at low temperatures due to the local disorder in the crystal structure
[79].

1.7. Magneto-transport properties

Magnetotransport properties of the materials were associated with the electronic transport
characteristics under an applied magnetic field, the magnetoresistance and Hall effect are
major measurements. Magnetoresistance (MR) refers to the variation of resistance of the

material with an applied magnetic field H and is expressed as [80]

A_P_ p(B) — po _ R(B) — R,
Po Po Ry
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Figure 1.14. Schematic representation of (a) structure of GMR, (b) Butterfly

magnetoresistance

The magnetoresistance is classified as ordinary magnetoresistance (OMR), anisotropic
magnetoresistance (AMR), giant magnetoresistance (GMR), and colossal magnetoresistance
(CMR). Ordinary magneto resistance was obtained in non-magnetic metals; in these
materials, MR is very small at low fields and quite larger for high fields. The MR of the
material is positive for both longitudinal and transverse magnetic fields, and it can vary about
5% in conventional materials, like metals (Cu, Al, Au, In, Na etc) [81]. The anisotropic
magnetoresistance was observed in ferromagnetic alloys and compounds showing a variation
of about 2%. The physical origin of the AMR is accompanying with the spin-orbit
interaction, the resistivity changes by the relative angle between the direction of
magnetization and current. The permalloy (NiFe) exhibits AMR and the material is useful as
room temperature recording heads [82]. The giant magnetoresistance was observed in
multilayered materials where the magnetic layers were separated by the nonmagnetic layers
and these materials exhibit an MR of 50%. The GMR emerges from the relative orientation of
the magnetic magnetization in the adjacent metal layers concerning the field and the
thickness of the layers should be less than the mean free path of the electron [83]. The overall
resistance depends on the spin-dependent scattering, the high resistance in GMR material
comes from the AFM coupling of spins and when the applied magnetic field overcomes the
AFM coupling results in the low resistance, it finds application in MR head sensor [81]. Spin

valves are layered GMR devices of magnetic layers separated by the nonmagnetic spacers
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(Figure 1.14a) and their electrical resistance varies with the spin orientation concerning the
field. The low and high MR depends on the angle between the respective magnetization of
the two magnetic layers and spin valve MR heads were already developed by IBM and HP.
The spin valves exhibit butterfly magnetoresistance (BMR) and it is widely observed in van
der Waal layered materials and also in strongly correlated electron systems. In BMR (Figure
1.14b), a butterfly cross curve is observed in the MR versus filed data and has the same MR
at both large positive and negative magnetic fields [84]. The colossal MR was first found in
perovskite material Laj.xMxMnos+s (M = Ca, Sr), and exhibited a huge MR of ~ 99.9%. The
extraordinary hike in electrical conductivity with an applied field in some magnetic material
is associated with the field-induced spin polarization and it reduces the spin scattering and
there the electrical resistance [85]. Classical MR generally has quadratic dependence on the
magnetic field at lower fields and it will saturate at higher fields. Recently a few nonmagnetic
metals with open Fermi surfaces exhibit large linear and unsaturated MR, it is termed linear
magnetoresistance (LMR). Parish and Littlewood have reported that the origin of LMR in
inhomogeneous metals is due to the change in the current path generated by the macroscopic
spatial variations in carrier mobility [86]. It is widely observed in self-doped silver
chalcogenides, Bi,Tes-based topological insulators, Heuslar topological insulators and also in
Zero band gap InSb [87].

1.8. Material manufacturing techniques

The transition metal chalcogenides can be produced through different routes that mainly
depend on the area of applications. Recently bulk and thin film TMC structures were
fabricated for spintronics and thermoelectric applications, it was found that TEG legs were
fabricated from the bulk materials [88]. The main synthesis techniques are single crystal
growth, physical/ chemical deposition method, powder synthesis by melting and mechanical
alloying, and chemical synthesis routes incorporating solve/hydrothermal and aqueous
solution methods [89]. Figure 1.15 shows the schematic diagram of various material

manufacturing techniques.
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1.9. Application of Transition metal-based chalcogenides.

The particle's electrons, phonons and magnons contribute to the transport properties under
heat treatment and they are connected through various interactions. These particles are
associated with different physical properties and Figure 1.16 shows the interconnection of the
particles and corresponding effects. The magnetic transition metal-based chalcogenides can
find applications equally in the field of thermoelectric power generation and spintronics.
Along with the electronic properties, the thermal and mechanical stability promotes these

materials as a promising candidate for thermoelectric applications.

Electrons

Phonon-Magnon interactions

Figure 1.16. Interconnection between thermal, electronic and magnetotransport

The chalcogenides are promising candidates for high-temperature thermoelectric
applications, especially in the area of industrial heat energy harvesting. It was found that a
major part of heat energy is wasted in the low-grade temperature range and requires room-
temperature TE materials. The main application includes thermoelectric power generation
from body heat to power the health indicators; maintenance-free power regulation for the
Internet of things (l1oTs) and solid-state cooling strategies for thermal control of the optical
communication modules in the 5G era [90]. The development of new low-temperature
thermoelectric materials is essential today because most of the low-temperature
thermoelectric generators and coolers are still working on conventional Bi,Tes-based

compounds. These materials can find application in the field of low-grade heat harvesting and
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cooling purposes in microelectronics [91]. The various parts of the spacecraft system require
low-temperature maintenance and efficient low-temperature TE materials can be applied for
cooling applications [92]. The bridging of charge and spin leads to a new field of interest
known as spintronics [93], transition metal chalcogenides have great interest in this field due
to their diverse physical properties. The multifunctional materials like diluted magnetic
semiconductors with ferromagnetism and semiconducting nature fulfil the criteria for spin-
based electronics. The properties spin and charge of the electrons are utilized for storage and
processing of data in spintronic applications. The spintronic devices include magnetic hard
disks, magnetic sensors, MRAM and spin torque oscillators [94]; the figure shows the outline

of spintronic devices in a nutshell.
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Figure 1.17. An overview of thermoelectric applications
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Figure 1.18. An outline of spintronics [Ref. [95]]

In 2008 Uchida et al. reported the spin Seebeck effect as a spin counterpart of the Seebeck
effect (SSE); it is the generation of spin voltage in a ferromagnetic or ferromagnetic material
as a result of an applied temperature gradient [96]. It opens up the application of FM

chalcogenides also for SSE-based thermoelectric devices.
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Outline of the thesis

In the current scenario, the magnetic and thermoelectric materials can be used to create
multifunctional systems for spintronic and future energy applications. Our research focuses
on the development of new transition metal-based ternary chalcogenides as well as the study
of their electrical, magnetic, and thermoelectric properties. The thesis comprises three
operational chapters subsequent to this introduction and summary of the thesis is as follows.

In Chapter 1, we discuss the theory, mechanisms and significance of the transition metal-
based ternary chalcogenides as a thermoelectric and magnetic material. Chapter 2 presents
the experimental methods, In Chapter 3, discusses the Zintl phase BaVSe; through two
different routes from constituent elements and using the advent of the new synthesis method
with phase purity and less time consumption. A comparison study on the thermoelectric and
magnetic properties of phases pure BaVSes and impurity-assisted BaVSe; was done. The
quasi-1D nature of this material leads to exotic magnetic properties like Griffiths-like phase,
glassy nature and butterfly magnetoresistance. These materials can be candidates for low-
temperature thermoelectric applications and spintronics. Chapter 4 deals with the synthesis
of pure transition metal-based selenides CoMSe, (M = Ni, Fe) and their low-temperature
thermoelectric and magnetic properties. We have noticed that the replacement Ni — Fe
enhances the thermoelectric properties and exhibits different magnetic characteristics.
Chapter 5 is focused on the synthesis of spontaneously nanostructured AgShTe, as a
promising candidate for future-generation thermoelectric materials. This chapter reveals the
various mechanisms that contribute to the enrichment of the thermoelectric properties of this
material. The highest Seebeck coefficient of 251.16 uV/mK? along with the lowest thermal
conductivity ~ 0.20 W/mK? contributes to a maximum ZT of 1.10 at room temperature. Due
to its satisfactory thermoelectric characteristics, this can be considered a potential candidate
for future-generation thermoelectric applications. Chapter 6 discusses the summary and

outlook the thesis.
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Chapter 2

Experimental Methods
2.1. Materials

Barium rods (99.99%), Vanadium pieces (99.7%), Cobalt pieces (99.8%), Nickel pieces
(99.7%), Iron pieces (99.7%), Se granules (99.999%), Silver granules (99.99%), Antimony
pieces (99.99%), and Tellurium pieces (99.99%) were purchased from Alfa Aesar.

2.2. Sample fabrication

Samples were fabricated by direct melting method; here we are using the high-purity
constituent elements as the precursors. The raw materials were sealed in an evacuated quartz
tube using the oxygen - LPG flame lamp. Finally, the quartz ampoules were kept for heat
treatment in an air muffle furnace. The figure shows the schematic representation of sample
preparation. The structural and magnetic characterization was done on the powder obtained
by grinding the ingots. The melted ingots were cut into rectangular bars (~10 x 2 x 2 mm®)

for various transport studies.

Sealed Under Vacuum Cooling
Heating

Precursors

Figure 2.1. The schematic diagram for the solid-state route

In chapter 1 Polycrystalline BaVSe; was synthesized via the solid-state reaction method
(Figure 2.1), using the precursors Ba, V and Se in two routes.
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Figure 2.2. Heat treatment of sample (a) BVS: BS (b) BVS

Route 1: The synthesis was done in three steps (Figure 2.2 a), at first Ba and Se were
weighed in 1:1 proportion under a nitrogen atmosphere in the Glove box with 1 ppm Oxygen
level and moisture level, sealed under vacuum (10™* Torr) in quartz tubes and annealed at 873
K for 2 days. In the second step, VSe; is prepared via the same solid-state route, with a heat
treatment of the evacuated and sealed quartz tube at 1023 K for 8 days. The obtained pieces
are ground and then subjected to recrystallization for an extended duration of 8 days at 1023
K. The synthesized material from the first step and VSe, are mixed with Se in the required
stoichiometry in a glove box with ideal conditions and are sealed under vacuum in quartz
tubes. The tubes are then heated at 1223 K for 100 hours. The obtained powder is crushed

and pelletized for characterization by various techniques.

Route 2: High-purity precursor elements Ba, V, and Se were taken in the stoichiometric ratio
under a nitrogen environment in the Glove box with more than 2 ppm oxygen and moisture
level in quartz tubes. Following this, the sample tubes were deposited in a furnace after being
sealed under a high vacuum (10 Torr). With a 24-hour ramp-up, the furnace temperature
was maintained at 973 K for the next twenty-four hours. The temperature was raised to 1073
K in a 24-hour ramp immediately following the initial phase, annealed for three days, and
then cooled to room temperature (Figure 2.2 b). For phase analysis, the molten samples were
reduced to powder, subsequently pressed into rectangular pellets, and sintered at 973 K for 6
hours to facilitate diverse transport investigations. The pellets' specific gravity was

determined to be 95% using the Archimedes method.
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Figure 2.3. Heat treatment steps of samples CNS and CFS

In chapter 3 Polycrystalline CoMSe; (M = Ni, Fe) was first time synthesized through the
melting of the high purity constituent elements Ni, Co, Fe and Se of required stoichiometric
ratio. These were transferred into quartz tubes, evacuated (10 torr) and sealed. The materials
CoNiSe, (CNS) and CoFeSe, (CFS) were obtained through different heat treatment routes

and Figure 2.3 summarizes the synthesis.

In chapter 4 AgSbTe, compounds were synthesized from high-purity elements Ag, Sb and
Te. The elements were weighed according to stoichiometry and loaded into the quartz tube
under vacuum (10™ mbar). The sealed ampoules were first heated at 1073 K for 10 hr and the
obtained ingot was further heat treated at 773 K for 72 hr, then cooled to room temperature
over 24 hr. The heat treatment resulted in high-density dark silvery-shaded metallic ingots. A
part of the sample was ground for structure and morphology analysis; rectangular samples
were cut and polished into a dimension of 10 mm x 3 mm x 2 mm for various transport

measurements.

The crystal structure, composition and morphology of synthesized samples was analysed
through various techniques. The density of the pellets was measured using the Archimedes
method, and the Vickers microhardness of the material was calculated using the Vickers

Microhardness tester - Banbros. A detailed study on the magnetic properties of the present
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compounds was carried out with the help of vibrating sample magnetometer (VSM). The
low-temperature electrical and thermal transport measurements and heat capacity of the
samples were done through the electrical transport option (ETO), thermal transport option
(TTO) and heat capacity set-up of physical property measurement system (PPMS, Quantum
Design). The detailed theory and working of characterization techniques was included in

annexure.
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Chapter 3

Exotic Magnetic, Magneto-transport and Thermoelectric properties of
BaVSe;

Zintl phases are a special class of complex structures with the general formula A-T-Q, where
A is an alkali metal or an alkaline earth metal, T is TM, and Q is the main group element [1].
These intermetallic phases satisfy the Zintl-Klemm concept in which the electro-positive
atoms act as electron donors and electro-negative atoms act as valence-electron acceptors.
This donor-acceptor system leads to a valence-balanced condition [2]. The transition metal
compounds exhibit a paramagnetic (PM) to ferromagnetic (FM) transition at particular
temperatures, leading to some exciting phenomena like colossal magnetoresistance (CMR)
[3] due to the critical FM fluctuations about T¢ [4]. This property finds applications in device
components like the magnetic reading head. CMR was initially observed in manganese-based

oxides and recent reports suggest its presence in alloys and chalcogenides [5,6].

BaVSe;, having a hexagonal perovskite-like structure with the general formula
BaV X3 (with X = S, Se), satisfies the Zintl-Klemm concept [7]. Among the above-mentioned
BaVX3; compounds, BaVS; has been extensively studied [8]. BaVS; shows a metal-to-
insulator transition at a temperature of 70 K, hexagonal to orthorhombic structural transition
at 240 K and an antiferromagnetic (AFM) ordering below 30 K [7]. The selenium (Se) ions,
being larger than the sulphur (S) ions, lead to orbital overlap in BaVSe; and generate a
condition synonymous with one where BaVS; is under high pressure [9]. BaVSe; exhibits a

structural transition from hexagonal to orthorhombic at a temperature of ~310 K [10,11].

Ternary chalcogenides with general formula BaMX3 (M=Ti, V, Nb or Ta and X=S or
Se) exhibit quasi-one-dimensional structure. At room temperature, BaVS; crystallizes in a
CsNiClj3 structure having space group p63/mmc with a linear chain of vanadium atoms
formed by the face sharing of VVSg octahedra. In this structure, the unidimensionality arises
from a short intrachain V-V (vanadium-vanadium) distance (2.805A) and a long interchain
V-V separation (6.724A) [12]. The ideal quasi-one-dimensional nature is represented by
vanadium ion chains that are slightly distorted, forming a zig-zag pattern along the
crystallographic c-axis. BaVSe; also exhibits a metallic ferromagnetic nature and is
considered to be an example of an itinerant electron magnet possessing a 1D structure [13];
hence its primary utility is in the field of spintronics [14]. Sugiyama et al reported that the V

moments align ferromagnetically along the c-axis but they slightly canted towards the a-axis
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by 28° and are coupled antiferromagnetically [15]. Recently, several studies have been
conducted on the spin-glass behaviour and the long-range AFM ordering in dilute metallic
alloys and layered transition metal chalcogenides [16-20], Magnetic materials with glassy
behaviour are characterized by randomness, competing interactions and geometrical
frustrations, which leads to the freezing of magnetic moments below a temperature denoted
as the freezing temperature (Ts) [20]. These metastable ground states are structurally similar

to glassy states [21].

The materials exhibiting glassy behaviour are categorized into several classes based
on the observed density of magnetic moments. Canonical spin-glass (SG) materials exhibit a
small magnetic moment density and can be considered as single magnetic impurities being
dispersed in a nonmagnetic host. These materials indicate a phase transition that is brought
about due to the strong interaction and cooperative spin freezing present in them. These
magnetic systems have some frozen-in structural disorder and no well-defined long-range
order as observed in FM and AFM systems. These systems exhibit a freezing transition- with
the order in which the spins are correlated to form clusters which are oriented in random
directions [22]. Cluster glass (CG) materials exhibit large magnetic moment densities,
resulting from the local magnetic moment and frustration between the neighbouring magnetic
clusters [21]. This state can be distinguished from SG by the presence of clusters originating
due to short-range magnetic ordering at temperatures near T¢c [22]. When the density of
magnetic moments of a material overcomes the glassy limit, it results in long-range magnetic
order. Such magnetic materials exhibit a transition from the PM state to an ordered state at a
transition temperature, before the glassy appearance at Ts. The PM, SG and CG states lack the

long-range magnetic ordering [20,23,24].

Nowadays intense research and development (R&D) is underway to understand the
Griffiths-like phases (GP) observed in different magnetic materials [25]. Griffith first
observed GP in arbitrarily diluted Ising FM systems, the magnetization fails to be an
analytical function of the magnetic field at temperatures between the Curie-Weiss
temperature and the Griffiths temperature [26]. The reasons for the origin of GP vary from
one material to another, some of which are phase separation, the presence of cluster sizes
ranging from nanometers to micrometres and competing for intra-interlayer magnetic
interactions [27]. In most of the materials, GP arises due to the result of the occurrence of
short-range ordered FM clusters in the PM region [28]. In manganese oxide-based materials

[29], quenched disorder plays an essential role in GP formation. In the case of 4f electron
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alloys [30] the origin of GP is associated with characteristic disorder and competition

between Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and the Kondo effect.

The current study presents the synthesis of BaVSes through two synthesis routes (chapter 2),
one from the previous report and the other through a time-reduced novel heat treatment
process. A comparative analysis was conducted between these materials in their low-
temperature magnetic properties, thermoelectric and magnetotransport. A detailed analysis of
phase, morphology, composition, magnetic and thermoelectric characterizations (Annexure)

were carried out.

3.1. Results and Discussions
3.1.1. Crystal structure and surface studies

The Rietveld refined XRD spectra of the synthesized samples from route 1 and route 2 are
shown in Figure 2.2. The existence of the secondary phase of BaSe; is also evident in the
XRD data of the first sample (BVS: BS) (Figure 3.1a). Hulliger et al. [31] reported the
formation of BaSe; from their constituent elements at temperatures between 773 K and 973 K
and existed as stable even after prolonged heat treatment. The presence of a secondary phase
is common in solid-state synthesized materials from constituent elements [32]. The primary
phase BaVSes, belongs to the hexagonal crystal system with a space group of p 63/mmc and
the other phase, BaSes, belongs to the tetragonal system with a space group of p421m. The
goodness of fit factor of the refinement (2) is obtained as 1.66. The lattice parameters of
BaVSesare a=b=6.9944 A, and ¢ = 5.8577 A. The a, B and y angles are 90°, 90°, and 120°
respectively. From the Rietveld refinement, the phase fraction obtained for the BaVSe; is
76.21% and for the secondary phase is 23.79%. A crystallographic information file (CIF) is
created from the Rietveld refined XRD data using the software Crystal Maker (version 2.7.3).
A graphical representation with the labelling of Ba, V and Se is given in Figure 3.1b, where
the Barium, vanadium and selenium (Se) ions are labelled with purple, red and orange
spheres respectively. From Figure 3.1c, the data indicated that the implementation of a novel
thermal treatment procedure aided the production of pure phase BaVSe; (BVS), in contrast to
the previously documented method [26], which resulted in the formation of BaVSes; with
BaSes impurities (BVS: BS).
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Figure 3.1. () Rietveld refined XRD pattern of BVS: BS, (b) A graphical representation of
the BaVSes unit cell obtained from the refined XRD data, (c) Rietveld refined XRD pattern of
BVS, (d)-(f) Unit cell of BaVSejs at different crystallographic direction from VESTA

The crystal structure of hexagonal BaVSej is depicted in Figure 3.1d. In this structure, the Ba
atoms are surrounded by 12 Se atoms, while the V atoms form face-shared VSes octahedra,
as illustrated in Figure 3.1e. The material's one-dimensional nature arises from the presence
of elongated chains of V atoms aligned along the crystallographic c-axis (as shown in Figure
2.2f). Each V atom is surrounded by face-sharing Se octahedra [33]. Typically, in BaVSes,
the intra-chain V-V distance is 2.9310 A and the inter-chain V-V distance is 6.999 A

ensuring the structural unidimensionality and weak van der Waal interactions [34].
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X-ray photoelectron spectroscopy (XPS) studies of polycrystalline BaVSes were carried out
to observe the oxidation state and chemical composition of the sample BVS: BS. The binding

energies are corrected with the reference energy of 284.60 eV (C 1s).
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Figure 3.2. Deconvoluted high-resolution XPS spectra of elements (a) Ba, (b) V, (c) Se

Figure 3.2 a-c shows the peak-fitted high-resolution spectra of Ba, V, and Se, respectively.
Figure 3.2a depicts the deconvolution of the Ba 3ds/, peak, fitted with two curves at binding
energies 781.27 eV and 779.35 eV, representing the Ba®* and Ba’ states respectively [35]. In
BaVSes, vanadium exists in the VV** state (Figure 3.2b); however, the presence of V°* may
indicate surface oxidation [36] and the formation of V,0s on the top 5 nm layer of BaVSes.
However, the presence of V,0s is not observed in XRD, indicating that the formation of
V,0s is negligible and does not influence the considered system's properties. Figure 3.2c
shows the deconvoluted spectra of Se. It has a lower binding energy of 54.36 eV due to Se*
[35] and a higher binding energy of 55.90 eV corresponding to the Se? state [35]. Hulliger et
al [37] reported that BaSes has the ionic formulae of Ba*2Se®Se,™, where Se° corresponds to

the formation of the secondary phase, BaSe; and is confirmed from Rietveld refinement of
XRD spectra.
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Figure 3.3. Scanning electron microscopy images of the pellet sample BVS: BS (a) on a 10
um scale, (b) associated needle-shaped crystals on the surface of the sample BVS: BS (2 um
scale), (c) EDS spectrum (d) elemental mapping of BVS: BS, (e)- (f) SEM images of BVS at

different scales and (h) EDS spectrum of the sample BVS

The SEM analysis revealed a highly compact and dense microstructure of the synthesized

samples BVS: BS and BVS, as depicted in Figure 3.3 The compactness of the sample is
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depicted in Figure 3.3a, and the presence of needle-shaped crystals between 100-200 nm in
diameter is displayed in Figure 3.3b. Kelber et al. [11] were the first to report the synthesis
and growth of needle-shaped crystals in BaVSes. This growth is attributed to the structure of
the Q1D material. Figure 3.3c displays the EDS spectrum, indicating the weight and atomic
fraction of each element in the developed material BVS: BS and the homogeneity of the
material is confirmed through elemental mapping (Figure 3.3d). The compact topography of
the pellets and the presence of needle-shaped crystals in BVS at 10 um, 2 um and 200 nm is
depicted in Figure 3.3 (e)-(g). From the EDS spectrum (Figure 3.3h), the local composition of
the material aligns well with the expected stoichiometry. Figure 3.4 (a)-(d) displays the
mapping of the constituent elements Ba, V, and Se. The distribution of all elements appeared

homogeneous.

Figure 3.4. (a)-(d), Elemental mapping of the sample BVS at a micrometre scale,

constituent elements Ba, V, Se were mapped

The transmission electron microscope studies incorporated to further inspect the
nano/microstructure of the melted sample BVS. Figure 3.5a illustrates the coexistence
of nanostructures and microstructures. The material's polycrystalline nature was
verified using HRTEM analysis (Figure 3.5 (b) - (d)), and the identification of the
planes was achieved by comparing them with the d spacing obtained from the XRD
data.
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Figure 3.5. (a)TEM image of the synthesized material BVS, (b) & (c) the HRTEM
images with crystal planes and the corresponding d spacing were marked, (d) SAED

pattern of the material

The d-spacing of the planes in the sample was calculated with the help of GATAN
microscopy suite software and the d-spacing of 0.29 nm and 0.21 nm was corresponding to
the planes (0 0 2) and (2 0 2) respectively. The ring diffraction pattern in the selected area
diffraction (SAED) was indexed to the corresponding crystal planes of hexagonal BVS, From
SAED, it was observed that the present material has some randomly distributed single-

crystalline zones along with the utmost polycrystalline nature.

3.1.2. Magnetic properties
3.1.2.1. Magnetic studies of BVS: BS

The magnetic hysteresis (M-H loops) was recorded at different temperatures in the
applied field extending from -90 kOe to +90 kOe. Figure 2.7a shows the M-H loops taken at
different temperatures such as 2 K, 10 K, 25 K, 43 K and 300 K. Up to 25 K, the MH loop
shows FM nature, and the M (H) data at 43 K shows PM behaviour, which profoundly
indicates the FM to PM transition at a critical temperature (i.e., Curie temperature, T¢) in
between 25 K and 43 K.
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Figure 3.6. (a) M-H loops at different temperatures, (b) zoomed-in MH loops, (c) M-T
curves taken at the different magnetic fields, (d) dM/dT versus T plot

However, the hysteresis loops below T¢ exhibit an unsaturated magnetization even at
a higher field of 90 kOe. Usually, this kind of unsaturated magnetization is due to the
presence of AFM moments [38]. Also, an unsaturated M-H loop is one of the criteria for
magnetic systems with glassy behaviour [39]. Figure 3.6a demonstrates the above-mentioned
unsaturated nature of magnetization and is a profound indication of a frustrated ferromagnetic
system [40]. In the magnified view of the hysteresis (shown in Figure 3.6b), a non-zero
coercivity (Hc) and remanent magnetization (Mg) at temperatures 2 K, 10 K, and 25 K can be
observed. Here, Hc and Mg are observed to decrease with the increase in temperature.
Another parameter of interest is the anisotropy constant (K), as it depends strongly on
temperature [41]. In Table 2.1, Hc, saturation magnetization (Ms) and Mg are presented. The
reduction in coercivity can be a direct consequence of the reduction in effective magnetic
anisotropy with the increase in temperature [42]. According to the Neel model of anisotropy,
the magnetic energy barrier [43] is given in equation (1) as,

2K

He = (1)

51



The calculated values of K at different temperatures are given in Table 3.1. The anisotropy

constant is observed to decrease with the increased temperature [43].

Table 3.1. Comparison of Hc, Msand Mg

T Hc Ms Mg K = MgH
(K) (kOe) (emu/g) (emu/g) 2

2 1.00 2.80 1.32 1409.80

10 0.67 2.22 1.29 748.80

25 0.23 1.38 1.07 161.30

The temperature-dependent magnetization of the material is studied in the temperature
range of 2 K—100 K at different field strengths. The zero-field cooled (ZFC) and field-cooled
(FC) magnetization versus temperature (M-T) curves were taken at different field conditions.
In ZFC, the material is cooled to 2 K in the absence of an external magnetic field, and
subsequently warmed from 2 K to 300 K by applying the required field; the required data is
collected during the warming process. In FC, M-T measurement was carried out in the
presence of a constant field, when cooling the sample from 300 K to 2 K. Figure 3.6¢ shows
the M-T curves of BVS under the influence of 100 Oe, 500 Oe and 1000 Oe fields, indicating
that there is a split in ZFC and FC at low temperatures. This bifurcation in the M-T curves
was not suppressed by applying strong magnetic fields; which is an indication of glassy
behaviour [44]. The transition temperature, T¢ is obtained from the minimum of the dM/dT
versus T plot. Below T¢, the material exhibits FM ordering and a paramagnetic behaviour is
observed above Tc. Figure 3.6d shows the dM/dT vs. T plot of BVS and the T¢ obtained is
40.8 K. This is in good agreement with previous reports by Kelber et al. (Tc = 41 K) [45]
and, Akrap et al. (Tc = 43 K) [9]. Some recent reports of 2D magnetic materials exhibit low
Tc values (below 50 K) [46,47]. However, the Curie temperature of ferromagnetic materials
depends on the size and shape effects of nanoparticles [48,49]. These results indicate that the
presence of nonmagnetic BaSes did not much affect the properties of BaVSes. Since, V is a
first-row transition metal, orbital angular momentum does not contribute to the total magnetic
moment, due to the orbital quenching [41]. Hence, the magnetic moment for these metals

originates from electron spin-only magnetic moment and is given by

Heff = GsV S(S+1) pe/F.U. (2)
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where S is the spin angular momentum quantum number and the Lande g factor, gs has a
value of 2. In BaVSes, vanadium is the only element that contributes to magnetism. The spin-
only magnetic moment for V** calculated from equation (2) is 1.73 ps/F.U. The experimental

effective magnetic moment is calculated from the C-W fit by using equation (4).

Hers = 2.827[xT pslF.U. ?3)

Here y' is the reciprocal of the slope of the linear fit, kg is the Boltzmann constant and N is
the Avogadro number. The paramagnetic e calculated from the C-W linear fit is 1.02
us/F.U. Yamasaki et al. reported the s Of BaVSes as 1.42 pg/F.U [13]. The reduction in the
magnetic moment may have occurred due to the disorder induced by the secondary phase
BaSes. The C-W temperature (®) obtained is 17 K. The positive value of ® confirms that the

material is ferromagnetic below Tc.

In most of the substituted manganites, there is magnetic inhomogeneity at
temperatures above T¢, and Griffith initially explained it for disordered magnetic systems
[50-52]. It is defined for randomly diluted Ising ferromagnets and this phase appears as
ferromagnetic clusters in a paramagnetic matrix above Tc¢ [25]. This theory was first
introduced to explain the CMR, magnetic susceptibility, and heat capacity in Lag7Cag3MnQO3
[53]. The downturn deviation from standard PM behaviour in the inverse susceptibility graph
at lower applied fields is the hallmark of the presence of GP [54]. This is due to the short-
range FM ordering in the PM region. However, on increasing the applied magnetic field the

anomaly in the C-W plot gets softens and attains the classical C-W behaviour [55].

According to the concept of GP the presence of FM clusters with erratically distributed spins
in the temperature region Tc < T < Tg, where T¢ is the C-W temperature and Tg is the
Griffiths temperature at which the deviation in y™* occurs. In the Griffiths phase, spontaneous
magnetization is not visible in return of the lack of long-range FM order [56]. Further, Bray
extended the concept of GP and at present, the GP is observed in the region T8 < T < Tg,
where TZ is the critical temperature of the random FM at which the y start to diverge [57].
So, GP is found in the area between entirely well-arranged states above TZ and the chaotic
region below Tg. In general, TF is considered as the C-W temperature, ®. Hence, GP is

defined as the region of the PM phase where the magnetic clusters are generated [58].
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Figure 3.7. (a) C-W plot at different fields (b) C-W plot with linear fit in the PM region

Figure 3.7a shows the y™* versus T behaviour under the influence of various field
strengths of 100 Oe, 1000 Oe, 3000 Oe and 10000 Oe. It can be seen that there is a visible
downturn in the variation of ™' above the temperature Tc. The retention of this anomaly till
field strength of 10000 Oe indicates that higher fields are required for its suppression. The
linear fit of the C-W plot at fields 3000 Oe and 10000 Oe is depicted in Figure 3.7b. The fit
exhibited a T value of 116 K and a ® value of 17 K. The GP is observed in this temperature
range. On increasing the field to 10000 Oe the linear fit overlaps with the PM region,
confirming the disappearance of the FM cluster in the PM region. This is because the increase
in field leads to the magnetization of the spins which are outside the clusters or the masking
FM signal by the enhanced PM background [54].

The susceptibility of GP at low applied fields follows a power-law, that is formulated as in

equation (3).

L= (r-18) ®)
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Figure 3.8. (a) GP analysis, (b) M-H loop at 43 K, (c) M-H loop at 50 K, (d) Arrott plot

Here A is the magnetic susceptibility exponent with a value that lies between 0 and 1, and T£
is the random critical temperature. Based on the value of A, the GP and PM phases can be
distinguished. When A=1, it corresponds to GP behavior and A = 0 is indicative of the PM
state. T is the random critical temperature at which the C-W law yields a A value close to
zero above Tg, and in the present case, the ® can be considered as T [59]. In Figure 3.8a
linear region of the graph In (x™) versus In (T-T&) is fitted with power law. The A values for
lower and higher fields are calculated from the slope of the fitted straight line in the GP
region. The Agp Value reduces from 0.99 to 0.94 when the applied field increases from 100 Oe
to 10000 Oe. This is in good agreement with the required range. This confirms the presence
of the GP phase in this Zintl phase compound and the high value of Agp indicates the
prominence of GP. The linear fit in the paramagnetic region (T > Tg) at higher fields (10000
Oe) shows the reduction in Apy value to 0.12 and this is due to the decrease in size of the
clusters in the PM region under large fields. On increasing the field, the exponent value gets
reduced (this is a signature of GP behaviour), as higher fields are needed to remove the

ferromagnetic clusters in the paramagnetic matrix. Here, the M (H) measurements above T¢
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also show FM-like behaviour with small loops as given in Figures 3.8b and ¢ and its inset.
This hysteresis above T¢ and below T is due to the presence of FM or AFM clusters in the

GP regime.

Another major analysis technique used to probe for the presence of the GP phase is the Arrott
plot, in which the square of magnetization (M?) is plotted as a function of H/M [60]. Figure
3.8d shows the Arrott plot at 43 K, which is well above Tc® (17 K), and below Tg (116 K).
The extrapolation of linear fit in the M? versus H/M plot exhibits a negative y-intercept. This
indicates the absence of spontaneous magnetization (i.e.Ms = 0) above T¢. The absence of Mg
in the GP regime is an indirect characteristic of the Griffiths-like phase in the BVS. Hence,
the Arrott plot analysis further confirms the presence of GP in BVS.

The foremost measurement that indicates a glassy-like nature is the AC susceptibility
measurement [61]. The AC susceptibility measurements are carried out by varying the
temperature from 22 K to 44 K at frequencies of 177 Hz, 555 Hz and 777 Hz. Figure 3.9a
depicts the real part of AC susceptibility () vs. temperature at different frequencies. The
temperature at which the peak point occurs in the x” vs. T plot is the freezing temperature
(Te). ¥ has a peak at Tt and it shifts towards the right when the frequency is increased. This
frequency-dependent shift indicates the glassy nature of the material. The three models
introduced to explain the T¢ shift are the Arrhenius law, the Vogel-Fulcher (V-F) law and the
critical scaling approach [62,63]. When the spin-glass material is cooled from a paramagnetic
state, it results in a random configuration initially. The spins will locally optimize their
respective orientations over longer length scales, which defines the time-growing correlation
length, & [64]. Let’s assume that 1o represents the spin relaxation time, E, is the activation
energy, Tsc represents the critical spin glass ordering temperature in which the frequency

tends to zero, z is the dynamical critical exponent, v represents the critical exponent of spin

correlation length, § = (TfT_i) ~Y [65]. The relation between relaxation time t with reduced
SG

temperature is given by t = TfT_ﬁ The 7 is associated with the frequency (f) at which the
SG

single-spin flip occurs and is given by t =1/2xnf. The relaxation time is obtained from the
experiments and the other parameters are calculated by fitting the experimental data with the

concerned model.

The first model is the Arrhenius law [66] as represented by equation (4).

Eq
T= 15 e"BTf 4)
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Similarly, the V-F law is defined by the relation represented in equation (5), and the critical

scaling approach is given by the relation in equation (6) [67].

Ea
T = Tp. ek8(Tr-Tsc) 5)
T zv
T=T1, [é — 1] (6)

For spin-glass nature to be evident in a system, the to must be in the range of 10° to 10"
seconds and the value of zv should be between 4 and 12 [67] Another parameter of interest is
the Mydosh parameter (g) that determines the relative temperature shift of T¢ with frequency,

that is given by the relation shown in equation (7).
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Figure 3.9. Frequency dependence of the (a) real component of AC-magnetic susceptibility,

(b) relaxation time T versus maximum spin-freezing temperature T fitted to the VF law (solid

line) and power law (dashed line). Inset shows linear fitted In(t) versus In(t), where reduced

temperature t = (T¢-Tsc)/Tsc and the solid line is the linear fit

The g value for spin glasses lies between 0.005 and 0.08 and for superparamagnetic

materials this value is greater than 2 [68] If the g value is in between the above two classes of
materials, then the system exhibits a cluster glass nature. In the present case, the g value
obtained is 0.1, which lies in the range of cluster glasses. The Arrhenius model is omitted
because the fit does not converge with the experimental data. Therefore, the other two models
are considered and are fitted to the experimental data. Figure 3.9b depicts the In(t) versus Tg

graph and the data are fitted using both the V-F model and the critical power law model. The
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parameter values obtained from using the V-F model are E,/kg = 0.243 + 0.011, To=37.401
0.001 K and 1o = 1.522x10™*s. From the dynamical scaling analysis, Tsg and critical exponent
Zv are obtained as 37.518 + 0.012 K and 0.459 £ 0.008 respectively. From this analysis, the
higher value of 19 and lower value of zo confirm the slower spin-flipping mechanism and the
existence of randomly oriented ferromagnetic clusters rather than atomic-level randomness
[69].

3.1.2.2. Magnetic studies of BVS

The temperature-dependent magnetization measurements (Figure 3.10a) were conducted on
the material BVS and it was observed that the material undergoes a transition from
paramagnetic (PM) to ferromagnetic (FM) behaviour at a critical temperature Tc ~ 41.2 K
(Figure 3.10b), which is consistent with prior findings[70,71]. At extremely low
temperatures, a distinct cusp is detected in the ZFC curve of BVS also, which serves as an
indication of the glassy behaviour of magnetic materials [71]. According to Zheng et al., the
observable difference between the zero field cooling (ZFC) and field cooling (FC) curves is
caused by the spin glass or cluster glass properties resulting from magnetic anisotropy or
magnetic frustrations [72].

To gain a deeper comprehension of the magnetic properties of the recently produced BVS,
we have examined the Curie Weiss plot (Figure 3.10c), which represents the reciprocal of
magnetic susceptibility (1/x) versus T [73]. The calculated value of pes is 1.73 pg, and the
experimentally obtained values for 6 and pess were 17.6 K and 1.74 pg, respectively. The
effective magnetic moment values closely correspond to the predicted value, and the positive
indication of the Curie-Weiss temperature indicates the presence of ferromagnetic ordering in
the material at low temperatures. The M vs H graph (Figure 3.10d), obtained by varying the
applied magnetic field from -9 T to 9 T, at various temperatures both below and above Tk,

provides more evidence supporting the transition from PM to FM behaviour.
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Figure 3.10. (a) Temperature-dependent ZFC and FC magnetization of the sample at
different fields, (b) dM/dT versus T plot at an applied field of 100 Oe, (c) Linear fit
on the Curie-Weiss plot at 100 Oe, (d) M versus H at different temperatures

Similar to BVS: BS, it was noted that this material exhibits a hysteresis loop even above the
critical temperature T, as seen in Figure 3.11a. Additionally, the magnetization curve only
becomes fully linear at high temperatures. The recent findings indicate that the presence of
magnetic inhomogeneity in the PM region of specific systems might be referred to as the
Griffiths phase (GP). BVS is classified as a quasi-one-dimensional van der Waals material
[74], and the presence of magnetic interaction between the layers can cause this compound to
exhibit inhomogeneity. The deviation observed in the 1/¢ vs T plot at low fields, as indicated
by the Curie-Weiss fit [75] provides additional evidence supporting the existence of the GP
phase. The decrease in 1/y, as indicated by the deviation from a linear fit on the Curie-Weiss
law (Figure 3.11b), suggests that the transition temperature (Tg) for this material is
approximately 117 K. Furthermore, this material exhibits a GP phase within the temperature
range of 17.6 K < T < 117 K, which is distinct from both the PM and FM phases. We have
previously documented that the material BVS, even with the presence of a secondary phase,
also demonstrates the GP phase within a similar temperature range. This finding provides

more
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evidence that the GP phase is an inherent characteristic of BVS. It became apparent that when
the field was increased to 10000 Oe, the decrease in 1/y could be attributed to the masking of
FM clusters by the PM matrix or the saturation of the FM clusters at higher fields [76]. The

power law at low temperatures is employed to analyze the Griffiths singularity, Figure 3.11c
shows the plot of In( T — T®) versus In (%) at different magnetic fields (100 Oe, 500 Oe,

1000 Oe, 10000 Oe). The gradient of the linearly fitted curve in the GP region yields a A
value of 0.99, while the linear fit in the PM region yields a A value of 0.01. This confirms the
GP behaviour of the synthesized material. Materials with GP do not exhibit any long-range
magnetic ordering above T¢ and do not display spontaneous magnetization. The Arott plot
(Figure 3.11d) has a positive y-intercept at a temperature (41 K) below T¢ and a negative
intercept on the M? axis at temperatures above Tc. This observation validates the absence of
long-range order and the zero Ms [58]. The magnetic properties of these 1D spin chain
materials are determined by the disparity in the strength of inter-chain exchange interaction
and intra-chain coupling. The former is two to three orders of magnitude more than the latter
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[77]. The unique magnetic properties seen in ABX3; compounds can be attributed to the
complex spin arrangements resulting from frustrated antiferromagnetic interactions and
geometric magnetic frustration arising from the ordering of spin chains in the triangular
lattice [78].

The magnetic and electrical characteristics of BVS mostly depend on the transition metal V.
In octahedral coordination, the V 3d level splits into e4 and t,g multiplets [79]. The tyg energy
levels are further split into a lower doublet (dyy, dxz-yz) and a higher singlet (d,?) as a result of
the elongation of the VVSeg octahedra along the crystallographic ¢ axis. Within the V chains,
the direct overlap of the closest d,* orbitals results in the formation of a broad conduction
band. The adjacent lower doublets indirectly overlap in the same direction, facilitated by the
hybridization with intervening Se 3p orbitals. The doublets can divide at lower temperatures
because of the orthorhombic distortion, which is referred to as the cooperative Jahn -Tellar
distortion [80]. The material exhibits structural disorder at low temperatures, which arises
from the Jahn-Teller distortion. This disorder is responsible for the emergence of the GP

phase and other unique magnetic properties [81].
3.1.3. Magneto-transport studies of BVS

The magnetotransport studies of BVS were conducted using an applied magnetic field of + 9
T across a temperature range of 3 K to 300 K. In an FM material, overall resistivity is
determined by the combination of a magnetic term and a nonmagnetic term. The nonmagnetic

term is not dependent on the applied magnetic field strength.

(@) g.6- (b) 0.0-
0.4 A“l"z‘
g\iO.Zé‘ £ 15
%0-0' o) E-z.o- 7
0.2 o8 -2.5{ 4
0. e ol .l -3.04°
-90 -60 -30 0 30 60 90 TR e s W o e
-90 -60 -30 0 30 60 90
H (kOe) H (kO©)

Figure 3.12. MR versus H at (a) 3 K, 5 Kand 10 K, (b) 38 K, 40 K, 42 K and 50 K

The term "magnetic" is linked to three phenomena: spin-dependent anisotropy

magnetoresistance (AMR), intrinsic domain wall resistance (DWR) and magnon magnetic
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resistance (MMR) [78]. The magnetoresistance of a material is quantified by the equation
MR = [R(H) - R(0)]/R(0), where R(H) and R (0) represent the resistance of the material at a
field H and at zero field respectively [82]. Figures 3.12a and b depict the MR of the
synthesized sample at various temperatures. The material exhibits distinct magnetic
behaviour when the temperature is increased. At extremely low temperatures, the material
demonstrates a remarkable butterfly-shaped magnetoresistance (BMR) when measuring
longitudinal resistance. It is worth noting that there have been no previous reports on the
BMR in BVS. BMR is commonly encountered in materials exhibiting a hysteresis loop. In
this case, the MR exhibits two equal upward resistance states, resulting in the formation of
two crossing peaks at a magnetic field strength of 1 Tesla. Prior research indicates that the
majority of FM materials exhibit a BMR on a scale of 0.1% [83]. In contrast, the current
material demonstrates a BMR on the scale of 0.6% at 3 K, which subsequently decreases with

increasing temperature.

The BMR s typically observed in materials having strong crystalline or magnetic anisotropy
at low temperatures. However, the specific cause of BMR can differ between different
materials. Several studies have examined the behaviour of the BMR in van der Waals
materials. Ohta et al. revealed that the observed BMR in the van der Waals Fe;GeTe, FM
material is caused by the interaction between magnons and electrons, specifically due to
magnetic fluctuations at the Fe(1) site at temperatures around 100 K [83]. The atypical
MR observed in van der Waals Crls layers is triggered by the presence of strong or weak
electron scattering, leading to fluctuations in magnetization between neighbouring layers
[84]. The presence of the BMR in the triangular lattice of AFM Ag,CrO, is observable
exclusively when a magnetic field is applied parallel to the c-axis that arises from the
pronounced uniaxial anisotropy [85]. The presence of unpaired d* electrons in BVS
contributes to a range of magnetic phenomena. Specifically, it results in an FM easy axis
aligned with the direction of the V chain, which coincides with the crystallographic c-axis.
Herak et al. conducted the initial investigation of the magnetic anisotropy in BVS and its
corresponding uniaxial symmetry in the FM state [71]. BMR is widely observed in
longitudinal resistance measurements and can be explained by Ohm’s law. The longitudinal
and transverse MR in a magnetic material is determined by the magnetization in the x
(M,) and y (M,) directions. The current is applied along the x-axis and transverse voltage is
measured along the y direction. The equation for the MR in amorphous or polycrystalline

magnetic material could be expressed as,
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R,y =R, + A;MZ (longitudinal) (1)
and
Ryy = R{M,+A; M, M, (transverse) 2)

Where R; and A; are material parameters linked with the anomalous Hall effect and
anisotropic MR respectively [86]. When certain magnetic materials are subjected to a strong
positive magnetic field and a strong negative magnetic field, they exhibit two magnetizations
that are opposing in direction: (Myxo, Myo, M) and (-Myo, -Myo, -My). In longitudinal MR
the quadratic term M2(H) (equation (1)) leads to two equal states of MR, the switching
between -M,o and My, creates peaks and valleys, that result in BMR. The longitudinal MR
studies revealed that as the temperature increases, the material undergoes a transformation
from a spin valve-like BMR to a negative MR at 11 K. This change to negative MR is
illustrated in Appendix (Figure A.2.1 ) and Figure 3.11b. The MR investigations conducted
on individual crystals of BVS demonstrate a shift in the MR behaviour throughout the
temperature range of 8 K to 15 K [9]. The resistivity in BaVSs is influenced by the changes in
magnetic field, which are dependent on the alignment of Eq4 spins and their strong interaction
with the Aqq electrons [9]. FM metals exhibit a negative MR at low temperatures due to
electron-spin scattering. The applied magnetic field strengthens the effective field acting on
the localized spins, which suppresses spin fluctuations and consequently reduces the
material's resistivity [87]. At normal temperatures, the magnetism weakens and shows a
positive MR due to the dominance of orbital effects [88]. Nie et al. found that as temperature
increases, the magnetic polaron's spin-dependent scattering effect reduces, while the spatial
fluctuations of the magnetic polarons rise, leading to positive MR [88]. The significant
MR seen in these layered chalcogenides is a result of the inherent magnetic interaction
between the Ey and Aq4 electrons, as well as the crystallographic characteristics. The spin
valve like MR [89] has potential applications in magnetic memory devices.

3.1.4. Thermoelectric studies

The efficiency of a TE material is determined by the dimensionless quantity, Figure of merit
(ZT), ZT = o %6T/(ket+ki) [90]. We investigated the thermoelectric properties of two samples:
phase pure BVS and a previously reported BVS: BS (impurity phase) [91]. The purpose of
our investigation was to gain a better understanding of the influence of impurities
on thermoelectric capabilities. The temperature-dependent electrical conductivity of the

material was measured between 8 K to 350 K temperature ranges as shown in Figure 3.13a.
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The two materials exhibited entirely different electrical responses to the temperature
variations. The electrical conductivity of BVS demonstrates the characteristics of a
degenerate semiconductor while the material BVS: BS has normal semiconductor properties.
The resistivity curve of the phase pure material closely resembles that of the BaVSe; single
crystals described by Akarp et al. [9] and its order of magnitude was one-order less. We noted
that the presence of impurity yielded 10-fold lower electrical conductivity in BVS: BS
compared to BVS.
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Figure 3.13. Temperature variation of (a) electrical conductivity, (b) Seebeck
coefficient, (c) PF and (d) total thermal conductivity of both BVS and BVS: BS

The scattering of electrons at the interfaces and defects disrupt the pathway for electron
conduction [92], which consequently leads to a decrease in electrical conductivity in BVS:
BS [93]. Both materials have a negative Seebeck coefficient, indicating n-type conduction
that increases with temperature (Figure 3.13b). The near room temperature Seebeck
coefficient of BVS and BVS: BS was measured as -35 and -14 pW/mK? respectively. A
similar trend in a is observed for both materials resembling the single crystal behaviour. The
low-temperature peak at 20 K can be attributed to the combined effects of phonon drag and
magnon contribution [94]. The decrease of the Seebeck coefficient in semiconducting

materials can be associated with the bipolar diffusion that occurs at higher temperatures [95].

64



In BVS the ¢ and a follow the general inverse trend and where as in BVS: BS, the presence
of a secondary phase disturbs this trend. Table 3.2 shows the calculated values of carrier
concentration mobility and effective mass of the samples at room temperature, the effective

mass is calculated by using the Mott equation.

Table 3.2. Experimentally obtained room temperature values of n, u and m*of the

materials

n (/em®) p (cm?/V.s) m* (mo)
BVS 10" 470 0.001
BVS: BS 10" 55.3 0.0001

The Seebeck coefficient and the carrier concentration of metals and degenerate
semiconductors could be linked by the Mott equation [96],
8m2kiT . o
== B m* 2/
3eh? m (3n)2 ° (3)
Where n is the carrier concentration, kg is the Boltzmann constant, e is the electronic charge,
h is the Planck constant and m* is the density of state effective mass. An increase in the
energy dependence of either u(E) or n(E) can improve the Seebeck coefficient of a material.
A higher value of W(E) corresponds to a distinct electron scattering mechanism, while a
higher value of n(E) can be achieved by manipulating the density of states [97]. The Mott
equation reveals that the effective mass of BVS at room temperature is larger than that of

BVS: BS. This difference in effective mass is responsible for the increase in thermopower.

The power factor (PF = (120) of the materials was determined from the measured ¢ and S
values and plotted against temperature in Figure 3.13c. A peak PF of 92 pW/mK? at 335 K
was obtained for BVS, surpassing the equivalent BVS: BS values by a significant margin
(5.81 uW/mK?). Figure 3.13d displays the total thermal conductivity vs temperature graph.
The materials exhibit distinct thermal conductivity characteristics at extremely low
temperatures. The total thermal conductivity is k = ke + k; , the electronic thermal conductivity
can be determined by employing the Wiedemann-Franz law (ke = Lo T, where L is the Lorenz
number). In a degenerate semiconductor, the relationship between L and the Seebeck
coefficient is given by the equation L = 1.5 + (|a/116) [98], where L is in 10® WQ/K?and S
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is in uV/K. The temperature-dependent variations in L are shown in Figure 3.14a for both
materials. The Lorenz number decreases as the temperature increases, and the BVS: BS
material exhibits a greater L value due to bipolar diffusion in the semiconducting materials
[99]. The thermal current in thermoelectric materials can be reduced by the phonon-mediated
process, electron-electron scattering, and inelastic electron-phonon scattering [100]. Figure
3.14b depicts the computed electronic thermal conductivity, with the dominant contribution

to thermal conductivity originating from the phonons (Figure 3.14c).
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Figure 3.14. (a) Temperature dependence of Lorenz number, (b) electronic thermal
conductivity, (c) lattice thermal conductivity and (d) thermoelectric figure of merit of

the samples

At extremely low temperatures (< 80 K), BVS exhibited a T* dependence on thermal
conductivity, which subsequently increases with temperature as a result of phonon
generation. The T® dependence on k originates from the heat capacity of the phonons [101]
and the dominant boundary scattering [102]. In general, the reduction in thermal conductivity
of a material is associated with the impurities or imperfections in the crystal structure [103].
The presence of lattice defects and secondary phase in BVS: BS significantly reduces the

overall thermal conductivity compared to BVS due to phonon scattering. The presence of a
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chain-like structure in the layered TMCs increases the thermal conductivity [104] whereas the
existence of an impurity phase may affect the Q1D characteristics of BVS. The
thermoelectric figure of merit of the materials was determined based on the measured values
of o, k, and a. Figure 3.14d illustrates the changes in the thermoelectric figure of merit that
increased with temperature for both materials. The phase pure BVS exhibits ZT values about
four times higher than that of BVS: BS.

3.2. Conclusion

A novel solid-state method was used to synthesize quasi-one-dimensional and phase-pure
BVS. The synthesized material displayed a hexagonal crystal structure with the p63/mmc
space group. The unidimensionality resulted from the V chains being arranged in a long chain
formation along the crystallographic c-axis. The magnetic and thermoelectric properties of
pure BVS and the previously described BVS: BS compound were studied to reveal the basic
mechanism of a couples thermal and electrical transport. Based on the thorough examination
of the magnetic data, it has been shown that this material undergoes a transition from a
ferromagnetic to a paramagnetic state at a temperature of ~41 K. The observed PM magnetic
moment of 1.74 ug closely matches the calculated value of 1.73 ug. BVS exhibits unique
magnetic characteristics such as a glassy behaviour, a Griffiths-like phase, and butterfly
magnetoresistance at low temperatures, similar to BVS: BS, demonstrating that BVS
possesses inherent magnetic properties that arise from its quasi-one-dimensional form and the
robust interaction between the electrons in the Eq and Aq energy levels. The glassy nature is
probed and confirmed via AC magnetic susceptibility measurements. The thermoelectric
investigations validated that electrons were the predominant charge carriers in both materials.
However, the higher thermopower in the pure-phase BVS can be attributed to the higher
effective mass of the carriers. Additionally, thermal transport is mostly governed by phonons.
BVS demonstrated a maximum ZT value of 0.008, which is fourfold greater than that of
BVS: BS. FM transition metal chalcogenides show great potential for use in thermoelectric

power production and spintronics.
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Chapter 4

The synthesis, magnetic and thermoelectric studies of CoMSe, (M = Ni, Fe)

A deeper examination of novel materials for energy harvesting and spintronics is necessary
to develop technologically advanced solutions that enhance energy efficiency and offer
greater versatility, therefore contributing to the sustainability of electrical power. A
multidisciplinary strategy might lead to more environmentally friendly and energy-efficient
electronics [1]. The inherent magnetic and electronic properties classify the spintronics
materials as magnetic metals, diluted magnetic semiconductors (DMS) and topological
insulators (TI) and the integration of magnetism on semiconducting materials opens up
potential applications [2]. Transition metal chalcogenides (TMCs) have some inherent
physical properties that make them promising candidates for catalysis [3], energy storage
applications like batteries and supercapacitors [4], 2D TMC semiconductors in electronics,
thermoelectrics and spintronics [5,6]. TMCs exhibit noticeable magnetic, electronic and
thermoelectric properties based on the combinations of transition metals and chalcogenides
[7]. In transition metals, due to the crystalline field, the 3d orbitals will split into t,q and ey
subbands which results in the low spin and high spin arrangement of electrons in these
subbands resulting in various magnetic orderings and electronic properties [8]. The doping or
the substitution at the TM site by magnetic ions can alter the magnetic and electronic
properties of the material to a noticeable extent. TMCs were known for the existence of
different frustrated magnetic states like spin glass (SG), cluster glass [9] and Griffiths-like
phase (GP) [10]. The origin of GP varies from material to material [8,9], but the major reason
is the spreading of short-range FM clusters in magnetically tangled PM matrix [11]. The GP
phase existed in a temperature range T¢ <T <Tg, where T¢ is the Curie temperature and T is
the Griffiths temperature (the temperature at which the deviation from Curie Weiss law
begins). There are some recent reports on the existence of GP in antiferromagnetic (AFM)
materials such as FeCl, [12], CazCoMnOg [13], GdFeg17Sn, [14] and rare-earth-based

manganites [15].

Chalcogenides have found major applications in thermoelectric power generation also
[16,17]. Most of the traditional thermoelectric materials are tellurides due to the heaviest
tellurium reduces the thermal conductivity and has the desired electrical conductivity better
Seebeck coefficient [18,19]. The lower abundance and toxicity of tellurium searched for new

materials having selenium or sulfur as chalcogen. The higher availability, low cost and low
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toxicity of these materials are advantageous for thermoelectric applications [20] as the
development of reliable and nonpolluting energy is our major concern. Reduction of fossil-
based energy resources needs alternative methods for power generation [21] and
thermoelectric power generation is a viable option with a wide range of advantages.
Thermoelectric devices convert unusable heat energy to useful electrical energy [22]. The
performance of TE is quantified ZT [23,24], the high ZT requires a large o, ¢ and low k.
These transport characteristics depend on interconnected material properties and several
parameters must be enhanced to maximize ZT. Ternary chalcogenides have been widely
reported as promising thermoelectric materials [25-28] due to their lower thermal
conductivity. The CoMSe, (M=Ni, Fe) is a bimetallic ternary chalcogenide and it finds
application in electrochemical energy storage fields as an electrode material [29]. The
previous reports on these selenides propose solvothermal and hydrothermal synthesis
methods [29,30]. In the present investigation, the class of materials CoMSe, (M = Ni, Fe)
was synthesized by direct melting method from the constituent elements with a newly
adopted heat treatment. The effect of the magnetic and thermoelectric properties of the
material on the substitution of Fe at the Ni site was investigated from cryogenic temperature

to near room temperature.

Polycrystalline CoMSe, (M = Ni, Fe) was synthesized (chapter 2) through melting of the
corresponding elements concerning the stoichiometry. The obtained ingots were subjected to

various analyses that include structural, morphological, magnetic and transport properties.

4.1. Results and discussion
4.1.1. Structural and compositional investigation

The phase and purity of the synthesized samples were examined by powder XRD
measurements and Figure 4.1a shows the Rietveld refinement of CNS with a goodness of fit
= 2. All the diffraction peaks of the sample were indexed to the hexagonal structure (JCPDS
no: 70-2851) [31] with space group P63/mmc (194) and the obtained lattice parameters were
a=b=3.63 A, c=5.33 A. Figure 4.1b shows the crystal structure of CNS in which Co and
Ni occupy the octahedral site [29]. The phase of the sample CFS (Figure 4.1c) was identified
as orthorhombic [JCPDS no: 01-088-2293, space group pca2l] with lattice parameters a =
538 A,b=5.39 A, c =537 A and Rietveld refined with a goodness of fit ~ 2.1. Figure 4.1d
shows the obtained crystal structure of the material where the TMs occupy octahedral sites.

No impurity phases were detected in both CNS and CFS.
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Figure 4.1. (2), (b) & (c), (d) XRD pattern and crystal structure of CNS & CFS respectively

The X-ray photoelectron spectrum (XPS) of CNS and CFS was carried out to reveal the
surface composition and oxidation states of the constituent elements. Figure 4.2 (a)- (c), (d-f)
shows the high-resolution spectra of the Co, Ni, Se of the sample CNS and Co, Fe, Se of CFS
respectively. The binding energies were corrected by Cls with reference energy 284.8 eV.
We have fitted Co 2p spectra in CNS with 3 curves,the peaks at 781.74 eV and 797.32 eV
correspond to Co®* [31], and the peak at 802.77 eV indicates the associated satellite peak. In
the Ni 2p spectrum (Figure 4.2b) the peaks at 856.08 eV and 873.75 eV correspond to the Ni
2ps2 and Ni 2py; [32] respectively, which confirms the Ni®* oxidation state. The peaks at
879.72 eV and 861 eV indicate the satellite peaks [32].The high-resolution spectrum of Se 3d
shows (Figure 4.2c) two peaks at 54.54 eV and 59.03 eV, which were assigned to the Se* of
Se 3ds; and Se-O bonding due to surface oxidation respectively. For CFS, the Co®" peaks
were observed at 781 eV (Co2ps) and 796.4 eV (Co2pis,), shake-up satellite peaks were also
found at 786 eV and 802 eV (Figure3.2d) near the main peaks [33].
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Figure 4.2. (a)- (c) Higher resolution spectra of Co, Ni, Se of CNS and (d)-(f) 6Co, Fe, Se of CFS

Figure 4.2e shows the deconvoluted spectra of Fe 2p and it is composed of three peaks. On
comparing with the XPS standard data the binding energies 711.2 eV (2ps;) and 725.3 eV
(2p1y2) correspond to Fe?* and 714.2 eV for Fe** (2 p1y) [32]. In the case of CFS, the peaks at
54.4 eV and 55.8 eV corresponded to Se 3ds;, and Se3ds, respectively, the broad peak at 59.4
eV was associated with surface oxidation [34]. The XPS analysis demonstrates that the
oxidation states of the constituent elements were consistent with the actual composition of the

materials. The morphology, local composition and homogeneity of the materials were
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examined through SEM, SEM-EDAX, HRTEM, and TEM-EDS. The surface morphology of
the samples was analyzed using scanning electron microscopy (SEM). Figure 4.3a and b
shows the SEM images of the pellets of CNS and CFS, respectively, at a length scale of 10
um (inset figures at 2 pm). The compactness of the melted ingots was confirmed through

SEM analysis.
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Figure 4.4. (a) HRTEM image of CNS, (b) Elemental mapping of CNS, (c) TEM-EDS
spectra of the sample (d) SAED pattern of CNS
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The crystalline nature of the sample CNS was further investigated through HRTEM (Figure
4.4a) by measuring the measured d spacing and the measured values were compared with the
d spacing measured using XRD data. The planes (1 1 0) and (1 0 0) correspond to the XRD
calculated d spacing 0.18 nm and 0.31 nm respectively were observed in SAD patterns.
Figure 4.4b reveals the homogeneity of the sample on a nanometer scale through elemental
mapping of constituent elements Co, Ni and Se, Figure 4.4c shows the associated EDS
spectrum. The ring SAED pattern (Figure 4.4d) confirms the polycrystallinity of CNS and it
IS in agreement with the observations made using XRD.
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Figure 4.5. (a) SEM-EDAX and (b) elemental mapping of CFS

Figure 4.5a displays the SEM-EDAX spectrum of the sample CFS with the obtained weight
and atomic percentage of the constituent elements. The surface elemental composition of the
sample CFS was obtained and it matches with the actual composition. The homogeneity of
the sample was established through elemental mapping on a micrometer scale (Figure 4.5b).

This proves the correctness of the new synthesis route for CNS and CFS.

4.1.2. Magnetic Properties
4.1.2.1. Magnetic properties of CNS

Transition metal chalcogenides exhibit various magnetic properties and can be evaluated
using different magnetic measurement techniques. Figure 4.6a indicates the magnetic
hysteresis loop of the sample at different temperatures and low temperatures the material has
narrowv MH loops. The S-shaped unsaturated hysteresis loops were associated with the
antiferromagnetic (AFM) with weak ferromagnetic (FM) [35] ordering and have a nearly
paramagnetic nature at room temperature. To confirm AFM further, magnetization versus
(M-T) temperature studies were carried out at various fields from 3 K to 150 K. M-T

measurements were done in two modes, zero field cooling (ZFC) and field cooling (FC)
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conditions at low temperatures. In ZFC the spin system is cooled to the low temperature at
zero applied fields and measured the moment during the warming step. However, in FC, the
measurements were taken in the same applied field during the cooling cycle. Figure 4.6b
depicts the M-T plots at different fields 100 Oe, 500 Oe and 1000 Oe, a sharp peak at low
temperature was observed. The characteristic cusp-like maximum at the low temperature
corresponds to the AFM nature of the material along with the weak ferromagnetism (FM)
[36]. In AFM materials the PM to AFM transition temperature is termed as Neel temperature
(Tn) and it was obtained as 5.5 K for CNS in Figure 4.6c.
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Figure 4.6. (a) M versus H at different temperatures, (b) M versus T at different fields, (c)
Neel temperature from M-T plot at 500 Oe, and (d) CW plot in FC mode at 500 Oe

The temperature dependence of the molar magnetic susceptibility is explained by the Curie-

Weiss law

C
Xmol = T8 (1)

Where C is known as the Currie constant and 6 as Weiss temperature, Figure 4.6d shows the

Curie —Weiss plot of the material at 500 Oe. The paramagnetic region is fitted with C-W law,
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from the fitted slope and intercept, we have calculated Curie constant (C) =1/slope and Curie

temperature (0) = - (y-intercept)/slope. The calculated parameters are shown in Table 4.1

Table 4.1. Data obtained from CW linear fit

Slope y-intercept C Weiss Meff
4 temperature(O)
(Oe mol (Oe (Oe (nB/FU)
K
emu™K?)  molemu™) mol™* emuK) ()
CNS 4.24 460 0.235 -108.4 1.373

The negative value of Weiss temperature (0) further confirms the AFM nature of the

materials [37]. The effective paramagnetic moment from the linear fit was calculated by
using the equation pefr = 2.827+/C ps. The theoretical magnetic moment was spin only due to
the orbital quenching [38], it is given by petr = g4/S(S + 1) pg. In CNS, the transition metals

Ni and Co contribute combined cationic magnetic moment. The effective moment calculated

for all combinations of cations is listed in Table 4.2.

Table 4.2. All possible cationic combinations of the spin-only moment of CNS

Co** (HS) Co”* (LS) Co** (HS) Co**(LS)
Ni“*(HS) 4.75 3.31 5.65 2.82
Ni?*(LS) 3.87 1.73 4.89 0
Ni**(HS) 2.44 4.24 6.30 3.87
Ni**(LS) 4.24 2.44 5.19 1.73

On comparing the experimental magnetic moment with cationic contribution, it was found
that Co** and Ni** are in a low spin state. The cations Co?* (S = 3/2) and Ni?*(S=1) generate
AFM ordering [6]. The oxidation states Ni** and Co?* were already confirmed through XPS

analysis.
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Figure 4.7 (a) M versus H plot at 7 K,8 K and 9 K, (b) zoomed MH curve at 8 K, (c) & (d)
linear fit on CW curve at 1000 Oe and 10000 Oe, (e) linear fit on In(1/x) versus In (T-TZ),
and (f) Arott’s plotat 7K

Figure 4.7a depicts the hysteresis loop of sample NCSS above Ty for temperatures 7 K, 8 K
and 9 K, from Figure 4.7b it was clear that even at higher temperatures the material possesses
a slight hysteresis loop instead of a PM curve. It confirms that the material has a different
phase in between AFM and PM and the downward turn in the 1/¢ versus T is a major
characteristic of the presence of Griffith-like phase [39]. From Figure 4.7c and d, for lower
fields 100 Oe, and 1000 Oe the CW plot has a deviation from Curie Weiss behaviour at a
particular temperature Tg = 100 K. The existence of the GP was due to the random

distribution of ferromagnetic clusters in the PM matrix [35] below the Griffiths temperature
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Te. The Griffith-like phase at the lower field can be further analysed by the power law
(equation 2)

o= T =THY )

where A (0< A <1) is the magnetic susceptibility exponent and TZ is the critical temperature
of random ferromagnetic clusters where susceptibility tends to diverge. In general, GP was
observed in the range of temperature T8 < T < Tg and in the present system the GP phase
was observed in the range of temperature 5.5 K< T < 100 K. As the applied magnetic field
increases from 100 Oe to 10000 Oe, the downward deviation diminishes gradually and this is
due to the polarization of the spins outside the cluster at higher fields [40]. Figure 4.7e shows
the plot of In 1/ versus In(T-T£) with linear fit at the GP and PM region. Because of the
negative value of 0, T is approximated as Tc [41]. The slope of the fitted straight line in the
GP regime gives Agp and it is close to 1 at all fields which confirm the GP in CNS. The linear
fit at the PM region generates Apy close to zero (0.3 for 10000 Oe) at different fields. In long-
range ordered magnetic materials, a spontaneous magnetization (Ms) is present. In CNS, the
existence of ferromagnetic clusters does not lead to any long-range ordering and thereby no
spontaneous magnetization [42]. The confirmation of spontaneous magnetization can be
studied through Arott plots [43]. Figure 4.7f shows M? versus H/M above Ty at 7 K, the
negative y-intercept on the M? axis confirms the zero spontaneous magnetization and the GP
phase in CNS.

4.1.2.2. Magnetic Properties of CFS

The transition metal substitution in materials can significantly influence the magnetic
properties due to the change in electronic configuration that affects the magnetic moment and
spin interactions within the material. The substitution can lead to changes in magnetic
ordering, Curie temperature, and overall magnetic behaviour. The choice of the substituted
TM plays a crucial role in tailoring the magnetic properties for spintronics application. Here

we study the magnetic properties of Fe substituted at the Ni site of CoMSe; (M = Ni, Fe).
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Figure 4.8. (a) M —H data at 500 K and 700 K, (b) M versus T at 500 Oe, (c) dM/dT versus T
at 500 Oe, (d) linear fit on the CW plot at 500 Oe

Figure 4.8a shows the M-H plots of the material at different temperatures and it confirms that
CFS has an FM nature below a particular temperature (the inset Figure shows the PM at 900
K). M - T measurements were carried out to further study the associated magnetic properties,
Figure 4.8b depicts the ZFC - FC magnetization curve measured from 300 K to 950 K at an
applied field of 500 Oe. In the FM region, the bifurcation in ZFC and FC were observed and
it corresponds to the thermomagnetic irreversibility near the transition temperature. The T¢
value of approximately 890.5 K was determined from the point of inflection of the dM/dT
versus the T curve (Figure 4.8c) in the FC mode at 500 Oe. Figure 4.8d shows the CW plot of
CFS, from the linear fit we have calculated the Curie temperature, and effective magnetic
moment, and the associated parameters. The positive value of Curie temperature (6 = 850.6
K) further confirms the FM ordering in CFS and the experimentally obtained magnetic
moment is 1.43 pg. The spin-only moment was calculated from all possible cationic
combinations (table 4.3) and the down spins of Co*" and Fe®* contributed to the observed

magnetic moment.

88



Table 4.3. All possible cationic combinations of spin only moment of CFS

Co”* (HS) Co”* (LS) Co** (HS) Co**(LS)
Fe®*(HS) 6.24 5.19 6.92 0
Fe®*(LS) 3.87 1.73 4.9 0
Fe*(HS) 7.06 6.16 7.7 5.9
Fe**(LS) 4.24 2.45 5.19 1.73

4.1.3. Thermoelectric properties

Temperature-dependent electronic and thermal transport measurements of the samples were
recorded in the low-temperature range of 3 K to 300 K. Figure 4.9a shows the electrical
conductivity (¢ ) of the materials and CFS has higher electrical conductivity compared with
CNS. On decreasing the temperature from 300 K to 3 K the conductivity increases showing
the metallic or heavily doped semiconductor nature. The increase in ¢ is associated with the
suppression of electron-phonon and electron-electron scattering at low temperatures [44,45].
Hou et al reported that hollow sub-microsphere NiCoSe; exhibit an electrical conductivity of
10 S/cm [29] and here we got the value of 2.7 x 10* S/m. Compounds synthesized from direct
element melting exhibit high crystallinity and density that lead to the enhancement in the
conductivity of the material [46]. Increasing the carrier concentration (n) and carrier mobility
(n) of a material through doping or substitution can improve the electrical conductivity [47].
The substitution by Fe with a higher ionic radius than that of the Ni site enhanced the
electrical conductivity of CFS due to the enhanced carrier mobility. With the help of the hall
effect measurement room temperature p of both samples was calculated and recorded in
Table 4.4 From Figure 4.9b the Seebeck coefficient measurement, we found that both have

electrons as the majority charge carriers and it increases with temperature.
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The Hall coefficient determined from the Hall effect measurement would also identify the
type of carrier concentration. For n-type materials, the slope of transverse resistivity versus
applied field gives a negative slope according to the Hall coefficient relation (Ry= -1/ne)
[48]. Here the materials satisfy the inverse relationship between the electrical conductivity
and Seebeck coefficient [49], and CFS has a higher S value compared with CNS. There are

various techniques

90



Table 4.4. Calculated n, u, and m* at room temperature for CNS and CFS

n (/em®) pn (cm?/V.s) m* (mo)
CNS 1.06x10%° 16.08 0.006
CFS 10*° 200 0.23

has been introduced to enhance the thermopower of a TE material, which includes band
convergence [50], density of states improvement[51], optimization of carrier concentration,
resonant state [52] and energy filtering [51] etc. The relation connecting the Seebeck
coefficient of metals or degenerate semiconductors with charge carrier concentration and
effective mass is given by the Mott equation (equation 3) with the assumption of a parabolic
band and energy-independent scattering [53].
= %m“(i)m 3)

Where n is the carrier concentration, kg is the Boltzmann constant, q is the electronic charge,
h is the Planck constant and m* is the density of state effective mass. Here the effective mass
is calculated from the Seebeck coefficient and is named as Seebeck coefficient effective mass
[54]. The room temperature m* of the carriers can be calculated by using the Mott formula
with the help of experimentally obtained Seebeck coefficient and the carrier concentration
calculated from Hall effect measurement. The Fe in CFS has reduced the carrier
concentration by 10 times that of CNS, according to the Mott equation a is directly
proportional to the carrier effective mass and inversely proportional to n*®, which contributed
to the thermopower [55]. The efficiency of a thermoelectric material can be quantified by
power factor (PF = o%c), the PF of the synthesized materials increases with temperature
(4.9¢c). The Fe-substituted compound has a PF of ~ 55 near room temperature, which is 10
times higher than that of CNS, the combined effect of S and o pays to high PF. Figure 4.9d
shows the low-temperature total thermal conductivity of CNS and CFS, it increases with
temperature and CFS has a higher k. The total thermal conductivity is contributed mainly by
phonons and electrons in a thermoelectric material and the increase in trend in thermal
conductivity as a function of temperature can be associated with the phonon contribution
[56]. The electronic part of thermal conductivity can be found with the help of Wiedemann-
Franz law (k. = oLT), where Lis the Lorenz number at a given T), The Lorenz number has
the relation with the Seebeck coefficient by the equation L=1.5 + (|S|/116) [57], L is in 10°®

91



WQ/K? and S is in pV/K. The estimated temperature-dependent L values were plotted in
Figure 4.9e and they decrease with temperature in a range of 2.49 - 2.38 x10® WQ/K? for
CNS and 2.47-2.2 x10® WQ/K? for CFS from 3 K to 300 K. The lattice thermal conductivity
was obtained by subtracting k. (Figure 4.9f) from k, Figure 4.10a shows that major players
of thermal transport were phonons. In magnetic materials, the thermopower can be
contributed by electrons/holes, phonons and magnons, but the major contribution comes from
the actual charge carriers. Polash et al proposed that spin degree of freedom can also offer
excess S to the diffused S in magnetic materials [58]. It was reported that in FM, AFM
materials magnon electron darg (MED) results in the enhancement of thermopower. The
coupling between the phonon and magnon will result in a momentum gradient on the magnon
system and that can affect the electrons through s-d or p-d interaction. This makes a drag
effect on the carrier electron or holes due to the transfer of the linear momentum [59]. Recent
studies revealed that above T¢ the paramagnons contribute to thermopower by similar drag
effect through s-d exchange interaction [60]. The phonon and magnon effect on thermal
transport is studied by heat capacity measurement techniques. Figure 4.10b depicts the heat
capacity versus temperature plots for CNS and CFS, from the graph it is clear that at low
temperature the heat capacity is mainly contributed by the phonons. The T* dependence on
heat capacity is associated with the phonon heat transport and it reveals that magnon
contribution was suppressed by the phonons in CNS (AFM) and CFS (FM). There is no
evidence of the magnetic transition from FM to PM near 40 K in CNS, hence it confirms that
below-room-temperature phonons are the heat carriers in these compounds. The material CFS
has higher lattice thermal conductivity than CNS due to the phonon generation which
increases with the temperature which was confirmed experimentally by the heat capacity
measurements. Here at low temperatures, the heat capacity can be fitted by the relation
(equation 4)

Cp =yT + BT? 4)
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Figure 4.10. Temperature-dependent (a) lattice thermal conductivity, (b) specific heat
capacity, (c) & (d) linear fit on C/T versus T?plotS, (e) ZT versus T for CNS and CFS

Where y connects with the electronic part and B with the phonon part of the heat capacity
[61]. Figures 4.10c and d display the C/T versus T? fit, one can find the Debye temperature,
Bp= (122*pR/5B)M (p is the number of atoms according to the chemical formula, R is the
molar gas constant) and density of states near Er (N(Ep))from y = n(k2)N(Er)/3 (kg is the

Boltzmann’s constant). The obtained Debye temperature and the density of states were
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tabulated in Table 4.5, from which it is clear that CFS has a higher density of states (DOS)

near Er which increases the DOS effective mass and thereby the Seebeck coefficient.

Table 4.5. Calculated Debye temperature and density of states at Er of CNS and CFS

0, (K) N(E) eV mole™)
24
CNS 232.4 7 4x10
25
CFS 258.3 1.2x10

From the measured transport properties the efficiency of the thermoelectric material ZT can
be calculated, and Figure 4.10e shows the variation of ZT with temperature. The substitution
of Fe at Ni site enhanced thermoelectric conversion efficiency 10 times. The enhanced
electrical conductivity and Seebeck coefficient improved the thermoelectric efficiency of
CFS on substitution.

4.2. Conclusion

The binary transition metal chalcogenide CoMSe, (M = Ni, Fe) is synthesized by a direct
element melting route and its structural, electronic, magnetic and thermoelectric
characteristics were investigated. The low-temperature magnetic and thermoelectric
properties were carried out and it was observed that on substitution of Fe at the Ni site
produced different magnetic ordering. The sample CNS exhibit AFM ordering with Ty as
5.5K, and CFS has an FM nature with a high temperature T¢ ~ 890.5 K. The downward turn
in the CW plot, power law analysis and Arott plot confirm the presence of Griffith’s like
Phase (GP) in CNS and it is due to the random distribution of FM clusters in the PM matrix.
The electrical and thermoelectric properties of the materials were analyzed at low
temperatures. It was observed that both materials have electrons as the majority charge carrier
which is confirmed through Seebeck coefficient measurement and Hall Effect analysis. The
enhanced thermopower in CFS is due to the higher DOS effective mass. The heat capacity
measurements reveal that phonons are responsible for the thermal transport in CFS. In
magnetic semiconducting materials, MED can also contribute to the diffusion of
thermopower. These materials can be considered as a base material, further doping or
substitution at the cationic site can result in the enrichment of TE efficiency. In summary
substitution by another TM results in 10 times enhancement of the thermoelectric efficiency

at room temperature.
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Chapter 5

The Low-Temperature Thermoelectric Transport Behavior of AgSbTe,

As the energy demand continues to grow, it is becoming increasingly important to find ways
to use energy more efficiently and to transition to cleaner, more sustainable sources of
energy. The way we use energy has significant implications for our environment, economy,
and society. Fossil fuels, which currently provide the majority of the world’s energy, are
finite resources that are becoming more difficult and expensive to extract. Renewable energy
resources are promising alternatives to fossil fuels, and they do not emit greenhouse gases
during operation. Thermoelectric materials find application in the area of new energy
resources; they have the ability to convert waste heat energy into useful electrical energy by
using thermoelectric materials [1-3]. Nowadays, thermoelectric devices play a crucial role in
the fields of electricity generation and refrigeration. The efficiency of thermoelectric material
is expressed through the dimensional figure of merit ZT= S?6T /k, where S, o, T, and k are
the Seebeck coefficient, electrical conductivity, absolute temperature, and thermal
conductivity, respectively [4]. In order to get a high ZT value, the thermoelectric material
should possess high S, o, and low k. The optimization of these parameters is attained through
band engineering, defect mechanisms, and optimizing the carrier concentration, mobility, and
scattering mechanisms within the material[5,6]. There is a recent trend in the search for
silver-based chalcogenides as promising candidates for thermoelectric applications. Binary
and ternary silver chalcogenides emerged as efficient thermoelectric materials near room
temperature applications [7-10]. It was observed that various mechanisms, like doping,
alloying, site defects, vacancies, nano-precipitates, dislocations, interfaces, and composite
formation with other materials, enhance the thermoelectric properties of silver-based
chalcogenides [11-14]. In comparison with conventional thermoelectric materials, these have
glass-like thermal conductivity due to the strong bond anharmonicity and the enhanced
phonon scattering at the nanostructures within the material [15-18].

Among the ternary silver chalcogenides, metastable AgSbTe, was found to be of
considerable interest due to its attractive structural and transport properties. Despite having a
simple chemical formula (AgiSh;Te,) this material has complex variations in stoichiometry
and crystal structure [19]. AgSbTe, can be the solid solution between Ag,Te and Sh,Tes, the
single-phased AgSbTe, can be found only in a composition range with a ratio of
Ag,Te/Sh,Tes less than unity [20]. The thermodynamic stability of AgSbTe; still exists as a
challenging matter, and based on the pseudo-binary phase diagram [21] of xAg.Te - (1-X)
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Sh,Te; with x = 0.5 is the stoichiometric 6 ~AgSbTe,. From the detailed investigation of the
pseudo-binary phase diagrams of Ag,Te and Sh,Tes, it was observed that the exact nominal
composition of thermodynamically stable AgSbTe, is nonexistent [10]. This metastable state
normally decomposes into Ag,Te and Sh,Tes below 633 K, the precipitates of Ag,Te or
Sbh,Te; along with stoichiometric AgSbTe, are due to the equivalence of their formation
energies [22] [23]. It is experimentally observed that the 6 phase of AgSbTe, has off
stoichiometry and is expressed as Ag.Te (1-x)/2- Sb,Tes(1+x)/2=Ag1-xSb1+xT€2:x and the
only stable ternary phase is with x having a range of value of 0.06-0.28. [23] This ternary
chalcoantimonate AgSbTe, generally crystallizes in a cubic rock salt structure with space
group Fm3m, where Ag/Sb/vacancies randomly occupy the Wyckoff position 4a (0.5, 0.5,
0.5) while Te atoms randomly occupy Wyckoff position 4b (0, 0, 0) [8]. It was observed that
still metastable cubic 6 phase can be found at room temperature,[8] and Sugar et al. report
that the single phase of AgSbTe, exists in a wide range of stoichiometries[24]. Due to the
intrinsic metastable nature of the cubic & phase, generally, AgSbTe; is formed with Ag or Sh-
rich secondary phases such as nano-scaled Ag,Te and Sh,Tes [25]. The presence of these
secondary phases influences the thermal and electrical transport properties of the material in

an observable manner [10].

The experimental details of the compound AgSbTe, is included in chapter 2, structure,
composition, morphology and the electric, magnetic- thermal transport and thermoelectric

properties were executed.
5.1. Results and discussion

5.1.1. Structure and morphology
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Figure 5.1. (a). Powder X-ray diffraction pattern of the as-synthesized sample; (b) Crystal

structure of AgSbTe, from VESTA
The phase purity of the synthesized sample was analyzed by powder X-ray diffraction. The
strong reflections were indexed by the cubic rock salt structure of AgShTe, (a = 6.06 A)
having space group Fm-3m [19] and the weak secondary phase with Ag,Te monoclinic phase
[24] (a =8.09 A b =4.48 A ¢ = 8.96 A). Figure 5.1a shows the Rietveld-refined (GSAS 2
software) XRD data of the sample with a goodness of fit of 1.8, the obtained phase fraction of
AgSbTe; is 95% and Ag.Te is 5%. It confirms that the primary phase of the synthesized
material at room temperature is AgSbTe,, and the formation of the secondary phase is due to
the slight energy difference between the meta-stable & phase and the Ag,Te/Sh,Tes mixture
[21]. Figure 5.1b shows the crystal structure of the face-centred cubic AgSbTe, with Ag” and
Sb** cations randomly occupied at the fcc cationic sublattice, while Te? was at the anionic
sublattice [26,27]. Roychowdhury et al. report that AgSbTe; is a disordered material having
two types of disorder that originate from the formation of impurity phases, Ag,Te/Sb,Te; and
Ag/Sh cation disorder[24].
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Figure 5.2. XPS spectra of the as-synthesized sample (a) Survey spectrum (b)-(d) high-

resolution spectra of Ag, Sb, and Te respectively
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The chemical composition and valence states of the constituent elements of the sample were
analyzed from XPS spectra. Figure 5.2a shows the survey spectrum of the sample and
confirms the presence of corresponding constituent elements. The oxidation states of the
elements Ag, Sbh, and Te were studied from their 3d core-level spectra. The strong doublet
peaks (Figure 5.2b) fitted for Ag at binding energies of 368.3 eV and 374.3 eV correspond to
Ag 3ds;, and Ag 3ds, respectively, and the spin-orbit splitting of Ag is 6 eV with Ag"
oxidation state [28]. The peaks at 368.32ev and 374.36 eV correspond to the Ag-Ag bonds
[28]. The Figure 5.2c shows the Sb 3d spectrum, the doublet at 530.46 eV and 539.82 eV [29]
are associated with 3ds;, and 3ds, of Sh, and the corresponding spin-orbit splitting energy of
9.3 eV confirms the Sbh** oxidation state. The presence of peaks at 528.9 eV and 540 eV
corresponds to the Sh°® [28] and Sb®* oxidation state; the O1s peak at binding energy 531.5
eV may be accompanied with the presence of Sb,Os due to the surface oxidation of the
material [30]. The Te 3d spectra contain four sub-peaks (Figure5.2d), two of them centred at
approximately 572.36 eV and 582.94 eV corresponding to 3ds, and 3ds;, of Te*, other two

peaks are associated with the Te-Te bonds [28] of minor-phase monoclinic Ag,Te.
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Element Weight% Atomic%

19.36 21.83
27.86 27.84
52.79 50.33

Figure 5.3. (a) - (d) SEM micrographs of the sample at different scale bars; (e)-(f) SEM-
EDX of the sample

The microstructure composition and the surface morphology of the sample were investigated
through EDX and SEM. Figure 5.3a-d shows the morphology of the samples at different
scales. The density of the synthesized ingots was measured by the Archimedes principle and
found to exhibit a density of ~ 97% of the theoretical crystallographic density. It was found
that direct melted samples exhibit high relative density without the aid of densification
techniques such as spark plasma sintering and hot pressing at elevated temperatures [11]. The
compactness of the material was further confirmed through SEM analysis; Figures 5.3 a-c
shows the microstructure of the samples with compacted sheet-like structures. Figure 5.3d
reveals that micro- and nano-sized particles are randomly arranged on the plate-like structures

of the direct-melted sample.

Table 5.1. Elemental the weight percentage of AgSbTe, calculated and obtained from SEM-
EDX

Element Actual weight% Average weight%
Ag 22.24 20.61
Sb 25.11 26.86
Te 52.63 52.76

The local composition of the synthesized sample was determined through EDX analysis at
different regions of the material under study. Figure 5.3f shows the EDX spectrum; the
corresponding weight percentage and atomic percentage of each element were also marked.
Table 5.1 compares the actual weight percentage calculated from its stoichiometric
composition with the average weight percentage obtained from the SEM-EDX analysis. The
microstructure composition was obtained as Ago.g27Sb107T€2005 , and it confirms an off-

stoichiometry from the actual composition with x~0.07 [31]. Lee et al. report that the & phase
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was identified as Ag deficient and Sb rich, with composition inhomogeneity generated due to
the formation of Ag,Te within or near the cubic phase from excess Ag, [32] and here the

monoclinic Ag,Te [33] results in the off- stoichiometry.

Figure 5.4. (a), (b), TEM images of AgShTe,, (c) SAED pattern of the material under study;
(d)- (e) Observed nanostructures in AgSbTe,, (f) HRTEM image of the sample confirms the
Ag,Te monoclinic phase and (g) TEM-EDS elemental mapping of the material

Various microstructures like plates, and triangular-shaped sheets (Figure 5.4a,b) were further
confirmed through the TEM analysis. Figure 5.4c shows the TEM-SAED pattern of the
material, and the planes exactly match the cubic phase of AgSbTe,. The clear evidence of
nanoprecipitates in off-stoichiometric cubic AgSbTe, was found in both low- and high-
resolution TEM images and is shown in d & e of Figure 5.4. The nanostructures in AgSbTe,
emerged from the ordering of cations (Ag*/Sb®) into nanoscale domains, [34,35] and
previous studies reveal that AgSbTe, exist with secondary phases such as Ag,Te, Sh,Tes, or
Ag-Sb rich nanodots. The nanoscale continuous precipitates of Ag,Te can be observed within
the Ag-deficient region of AgSbTe; [32] and conventional melted or hot-pressed samples
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exhibit white and dark nanodots of Ag,Te and Sb-rich regions (Sh,Tes) respectively [25,32].
The EDX composition confirms the Ag-deficient nature of the synthesized material, and the
observed nanodots can be marked as the secondary phase Ag.Te. Figure 5.4f shows the
calculated d spacing of the planes in the nanodots; d spacing of 0.22 nm and 0.11 nm
correspond to the planes (112) and (314) of the monoclinic Ag,Te [24]. These nanostructures
can modulate various electronic and thermal transport properties in the material. Figure 5.4g
shows the TEM-EDS elemental mapping of the powdered sample, and it confirms the
uniform distribution of all three constituent elements Ag, Sb and Te throughout the material

on a micrometre scale.
5.1.2. Thermoelectric studies

The temperature-dependent electrical and thermal transport properties were carried out over
the temperature range of 6 K to 300 K and are shown in Figures 5.5a-d. The resistivity curve
has a minimum around a particular temperature T, ~ 95 K (Figure 5.5a), and this minimum
temperature indicates the transition from a normal semiconductor[36] to a heavily doped
semiconductor or metal-like material. At low temperatures, the minimum resistivity in
disordered materials arises due to the competition between the weak localization of electronic
states and disorder-enhanced electron-electron interaction [36]. It was reported that pristine
AgSbTe, has a T, ~ 61 K, and the increase in this minimum temperature is a measure of
disorder in this material [37], it indicates that the enhanced disorder is due to the localized
states of Ag,Te. On further increasing the temperature to 300 K, the material exhibits a
heavily doped semiconducting nature with low electrical conductivity. The low-temperature
electrical transport properties of the disordered semiconductors can be explained by the
Variable Range Hopping Model (VRH) [37,38] and Mott found that at low temperatures the
most probable transport process would not be the nearest neighbour hopping [39]. Mott’s
variable range hopping mechanism establishes the hopping conduction between localized
states with energies concentrated within a narrow band (~kgT) in the vicinity of Fermi level
(Ef) at relatively low temperatures [40]. The hopping mechanism is associated with both
thermally activated hopping over a potential barrier and phonon-assisted quantum mechanical
hopping between the states [41]. According to the VRH model, the temperature dependence
of electrical conductivity is expressed as o o« exp [-(To/T)°], with s = 1/(1+d), where d is the
dimensionality of the system and Ty is the characteristic hopping temperature [42]. The linear

-1/4

dependence of logarithmic ¢ on T is shown in Figure 5.5b, and it was observed that the

off-stoichiometric AgSbTe;, exhibits the VRH conduction in a temperature range of 13 K< T

107



< 84 K. Hatayama et al. pointed out that local structural defects due to the nanoclusters [43],
small grain boundaries [44] and dangling bonds [45] can generate localized states within the
band gap. Here, the disorder and inhomogeneity stem from the Ag,Te nanostructures that
create a structural difference from the actual one and lead to the dangling bonds. The carriers
can tunnel between the localized states generated by this 6-AgSbTe,/Ag,Te system within the

impurity energy band [38].
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Figure 5.5. (a) Temperature dependence of electrical conductivity; (b) VRH fit on electrical

conductivity versus T data ; (c) Temperature dependence of Seebeck coefficient; (d) VRH fit
on the S versus T data

Figure 5.5¢ shows that the Seebeck coefficient (thermopower) increases with temperature and
is positive over the entire range of temperatures. The positive value of S indicates that holes
are the majority of charge carriers, and according to the previous reports, the p-type carriers
are generated due to the Ag vacancies [46, 10]. Most of the studies report that the ternary
chalcogenide AgSbTe, has a high S value in the range of 220 uV/K - 300 uV/K. It is further
enhanced through doping at various sites [10,47,48] and in the present study, the material
attains a maximum value of thermopower around 251 uV/K at room temperature. According
to the VRH hopping model, the Seebeck coefficient follows the relation S~T@Y @ where d
is the dimensionality of the system [49]. Figure 5.5d validates the S versus T2 relation: when
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the temperature approaches zero S exactly fits with T2 and S—0 as T—0 [50,51] and it

demonstrates that large S at the low temperature range is due to the hopping of holes [50,52].

The enhancement of the Seebeck coefficient in thermoelectric materials includes band
engineering through lowering carrier concentration (n), enhancing effective mass, the energy
filtering effect, and increasing scattering parameters [49]. Roychaowdhury et al. report that
the high density of states' effective mass can contribute to the high Seebeck coefficient,[53]
and that comes from the increase in density of states around the Fermi level. Hoang et al.
found that the enhanced S value in AgSbTe; is due to the existence of the flat and multivalley
valence band [54]. The cation disorder in Ag-Sh-Te-based materials has a vital role in
transport properties due to the creation of localized electronic states near the Fermi level. In
these disordered materials, the mobility edge separates the localized states from the extended
states. When the mobility edge comes near the Fermi level, it results in a distortion in the
electronic density of states, which enhances the Seebeck coefficient [55]. The Seebeck
coefficient of the degenerate semiconductor or metal can be expressed by the Mott formula
[56]

_ 8m?kpT
~ 3eh?

* T 2/3
m G

Where n is the carrier concentration, kg is the Boltzmann constant, e is the electronic charge,
h is the Planck constant, and m* is the density of the state effective mass. It shows that S is
inversely proportional to the carrier concentration, and directly depends on the effective
mass, and for a particular carrier concentration the Seebeck coefficient can increase with the
scattering factor [57]. The presence of nanopores and nanograins in the matrix may enhance
the scattering mechanism[58]. The carrier concentration (n) and carrier mobility (1) were
estimated from the Hall effect measurements at room temperature, and the positive slope of
pxy Versus H further confirms the p-type carriers. The effective mass was calculated from the
experimentally measured S and n, and the obtained S, n, p, and m* values were tabulated in
Table 5.2. It was found that the material has an optimized carrier concentration that is
required for a promising thermoelectric material and the effective mass slightly contributes to
the high Seebeck coefficient at room temperature.
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Table 5.2: Obtained values of n, u, and m* from Hall effect measurement and Mott equation.
T(K) a ( nV/K) n (/em) p (cmV7's™) m*/mg

300K 251 2.5%10% 29.70 1.1

A peak in the temperature-dependent thermopower was observed in thermoelectric materials
with bipolar conduction mechanisms [59,60]. Goldsmid and Sharp formulated an analytical
expression Eq = 2eSmax Tmax based on bipolar conduction, it connects the parameters band gap
(Eg), maximum thermopower | Smax | and maximum temperature Tmax, Where Tmax is the
temperature at which the thermopower attains a maximum value [61,62]. The bipolar
conduction in the semiconducting materials comes from the thermal excitation of the
electrons and holes across the band gap. The presence of minority charge carriers results in a
variation in the trend of the Seebeck coefficient with increasing temperature, and the total
Seebeck coefficient is the collective contribution from both charge carriers [62]. At low
temperatures, the minority charge carriers will not contribute much to the Seebeck
coefficient. The increase in temperature results in the broadening of Fermi distribution, which
enhances the electrical conductivity due to the minority carriers and reduces the Seebeck
coefficient. In p-type material, the generation of electrons at high temperatures results in a
peak in the thermopower, and it is the simplest way to obtain the energy gap of the material
from the temperature-dependent S data [62],[60]. The variation of the Seebeck coefficient
with temperature from 6 K to 800 K was shown in Figure A.5.1, and the Syax was obtained
from the peak of the curve. It was found that the material exhibits an energy gap of ~ 0.15 eV
at a maximum temperature of 300 K, and AgSbTe; is widely accepted as a narrow band gap
semiconductor[46]. Hoang et al. estimated the Eq at high temperatures from electrical
conductivity measurements as 0.1 eV [54]. The dependence of p(H) and p(T) on VRH
conductivity can be expressed in a single relation[38].

S =n @) ()

3/4

Where % is the ratio of electrical resistivity at the magnetic field to zero field, t; is the

constant equal to 5/2016, a is the localization radius of the electron, Ly = (ch/2reH)"?, and ¢

is the speed of light.
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Figure 5.6. (a) Magnetoresistance versus magnetic field plot; (b) Linear fit on In p (H)/p(0)
versus H?, Schematic representation of (c) VRH mechanism, (d) Electron filtering

mechanism, and (e) PF versus T plot

Linear magnetoresistance (LMR) is another interesting electronic property witnessed in
inhomogeneous and disordered semiconductors [63-65]. Xu et al. found for the first time that
nonmagnetic silver selenides and tellurides exhibit an unusual increase in resistance to
magnetic fields and they show an unsaturated nature even at higher fields [66]. In
inhomogeneous conductors, the LMR originates from the variation in the current path
generated by the macroscopic spatial fluctuations of carrier mobility induced by the variation
in material density and thickness [66,67]. The transverse magnetoresistance (applied
magnetic field perpendicular to the current direction in the material) measurements were
carried out up to 70 kOe at lower temperatures (5 K and 100 K). Figure 5.6a establishes clear
evidence of unsaturating LMR in this disordered material, and it exhibits a high MR of 40%
at 100K. The semiconductors with VRH conductivity obey the linear dependence of In (p
(H))/(p(0)) with H? and are confirmed for 100K in Figure 5.6b and Figure 5.6¢ depicts the
schematic representation of the VRH mechanism.
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Another major factor behind the high a value in disordered material may be due to the
electron filtering mechanism triggered by the nanoscale and microscale structures [68]. The
energy filtering effect of carriers plays a major role in enhancing a; in this effect, a barrier
permits the high-energy carriers and scatters the low-energy carriers, [49] as demonstrated in
figure 5.6d. The barriers were due to the naturally occurring or intentionally created
interfaces between the matrix and nanoprecipitates. The Seebeck coefficient value is

associated with the Fermi level of the material through the relationship

B Ep

T TkT

Where E; is the mean energy of the charge carriers and kg is the Boltzmann constant. The

Seebeck coefficient increases with an increase in quantity | E;_ Er|and it strictly depends on
the relative shift of Er concerning E;. P-type semiconductors with energy barriers block the
holes having low energy, which is very close to the Fermi level. It results in the accumulation
of high-energy holes at the cold end and enhances the Seebeck coefficient [69]. In the present
material, nanoprecipitates of Ag,Te with AgSbTe, create an interface that acts as a scattering
barrier for energy filtering of carriers and, thereby enhances the S value. Figure 5.6e
represents the calculated temperature-dependent power factor (¢’c) [70] of
Ago.927Sb1.07T€2005 from the measured S and o. It was observed that this particular
composition has a power factor of 747 uW/mK? near room temperature, and it comes from

the Seebeck value.
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Figure 5.7. (a) Calculated Lorenz number from S; (b) Variation of L with T; Variation of (c)

electronic thermal conductivity with T; (d) total and lattice thermal conductivity with T

For metals (degenerate limit), the Lorenz number (L) is approximated as 2.44x10® WQK?,
and in degenerate semiconductors, the approximate value of L is calculated from the
expression [71] L = 1.5+exp(-|S|/116), where L is in 10® WQK? and S is the Seebeck
coefficient in pwV/K. Figures 5.7 (a), and (b) show the variation of L with both the Seebeck
coefficient and temperature; it decreases with increasing temperature due to various
scattering, such as acoustic phonon scattering [71,72]. The total thermal conductivity of a
material is the sum of its electronic thermal conductivity (ke) and lattice thermal conductivity
(k). The electronic part of the thermal conductivity (k,.) can be obtained with the help of the
Wiedemann-Franz law (k,=LoT) and Figure 5.7c shows the temperature-dependent. The
variation of total and lattice thermal conductivity of the sample is shown in Figure 5.7d, and
it is found that the major part of the thermal conductivity comes from the lattice contribution.
At low temperatures, the material has a T3-dependent thermal conductivity and attains a
maximum of 0.5 W/mK at 40 K, then decreases with increasing temperature due to the
dominant phonon scattering [10]. At room temperature, the total thermal conductivity of the

material reduces to a glass-like thermal conductivity of 0.2 W/mK [73,74].
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Figure 5.8. HRTEM images of the sample (a), amorphous, crystalline regions and
dislocations; (b) IFFT of HRTEM images clearly shows the lattice dislocations; (c) schematic
representation of phonon scattering mechanisms; and (d) 1D ball and spring model for

phonon-phonon interaction

The low thermal conductivity of AgSbTe,-based materials was associated with phonon
scattering at the structural disorder, point defects, nano inclusions, and strong lattice
anharmonicity. The combination of crystalline, amorphous regions, and dislocations were
noticeable in the high magnification TEM images of the sample in a and b of Figure 5.8. The
boundaries were marked between the interphase of crystalline and amorphous regions, and
the dislocations were visible in the Inverse Fast Fourier Transform (IFFT) of HRTEM
images. Figure 5.8c confines various parameters that contribute to the phonon scattering in
this material and concludes that the phonons encounter scattering at various interphases that
include nanostructures, defects, dislocations, and boundaries [75,76].

In the cubic rock salt crystal structure of nominal AgShTe,, the disordered distribution of Ag*
and Sb** between the closely packed layers of Te ions contributes to the lattice anharmonicity

[77,78]. Normally in the class of I-V-VI, (chalcoantimonates) materials, the nonbonding of
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the exterior s and a fraction of the p electrons forms a shell of large radius, which leads to
anharmonicity bonds in these compositions [79]. Figure 5.8d shows the proposed schematic
representation of the 1D ball and spring model for phonon-phonon interaction with the
bonding of Sb-Te [76]. In AgSbTe,, the Sb has a valence configuration of 5s® 5p® Sb**
results in a lone pair of electrons (5s%), and the p electrons of Sb and Te form a polar covalent
bond and separately form the band. The competition between covalent bonding and lone pair
repulsion results in the anharmonicity in lattice vibrations of these materials [76]. Tan et al.
report that the overlapping of wave functions of the lone pair of electrons and the nearby
valence electrons leads to the nonlinear repulsive electrostatic force [80]. The occupancy of
chemically dissimilar atoms at the same crystallographic site generates distortion in the
structure, and the differences in the local force constants of Ag* and Sb** induce phonon
scattering in AgSbTe, [20,81].
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Figure 5.9. (a) Temperature-dependent heat capacity of the material (inset: C/T versus T?
plot), (b) Schematic explanation for lattice softening, (c) Variation of ZT with temperature,

(d) A comparison of ZT of the present material with previous reports

The spontaneous nanostructures, due to the cationic ordering, can scatter the phonons

effectively [27] and the spontaneous nanostructures in the present material were confirmed
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through TEM analysis, which scatters the phonons and reduces the lattice thermal
conductivity remarkably. The low temperature heat capacity of the sample was measured
under a high vacuum between 2 K and 300 K as shown in Figure 5.9a. In the heat capacity
measurement, a known heat pulse is applied at each point of temperature, and the material
and platform are heated to a temperature of T, (t). At the end of the heat pulse, the sample
temperature relaxes to a particular temperature, Ty, where Ty is known as the heat sink

temperature and is expressed by the relation[82]
Tp = Ty + ATexp(—/7)

Where 7 is the time constant, and according to Dulong-petit law, the near room temperature
heat capacity of the material was found to be 0.205 J/g K [33]. The experimental C, value
near room temperature was determined as 0.212 J/g K, and it is well in agreement with the
theoretically calculated value. At low temperatures, the heat capacity of a nonmagnetic

material can be expressed as the sum of the contributions from electrons and phonons,
CP - CZT + ﬁT3

Where a and B are constants, in the expression, the first part corresponds to the electronic
contribution, and the second part arises from the lattice contribution to the heat capacity. The
density of states (DOS) at the Fermi level (E = Eg) can be calculated from the electronic part
of heat capacity by using the expression[83]

2
y = = (BN (ER)

Where Kg is the Boltzmann’s constant and the material has a high density of states 1.1x10%
eV'mol™ at Ef, and it contributes to the enhancement in Seebeck coefficient through heavy
carrier effective mass. At low temperatures, the data was fitted with C/T versus T2 (inset of

Figure 4.9a) and the Debye temperature was obtained from B by using the relation [84]

6, = (12714NR)1/3
58

Where N is the number of atoms per chemical formula, R is the molar gas constant. It was

confirmed that from the linear fit of C/T versus T2, the material obeys the Debye T* law, and

the estimated Debye temperature was ~ 91 K. Morelli et al. reported that the material

AgShTe, exhibits 8,~ 125K [85]. It was found that the reduction in Debye temperature was

associated with the lattice softening in the material; the phonons met the softening (the
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reduction in group velocity of phonons) and scattering at the nanostructures [86]. The various
lattice defects, dislocations, and nanostructures change the phonon frequency in a disordered
material, generating lattice softening that reduces the phonon speed and leads to phonon
scattering [87].The lattice softening reduces the overall thermal conductivity of the material,
and that helps to tune the thermoelectric efficiency by introducing internal lattice strain [87].
Figure 5.9b shows the pictorial representation of lattice softening and scattering at

nanoprecipitates.

The dimensionless figure of merit ZT of the present material was calculated from various
measured parameters S, o, and k using; the variation of ZT as a function of temperature is
plotted in Figure 5.9c. At room temperature, the material exhibits a ZT of 1.1 and can be
further increased by various defect engineering techniques. Figure 5.9d displays the
comparison study of the ZT of doped AgSbTe, with the current material, and this
nonstoichiometric compound has the highest ever reported ZT value at room temperature.
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Figure 5.10. (a) High-temperature PF versus T; (b) Variation of calculated one-leg TE
efficiency with AT

The high-temperature thermoelectric power factor (Figure 5.10a) reveals that this material
can be applied to elevated-temperature TEGs. The single-leg TEG has an enhanced efficiency
(n) of 12.5% (Figure 5.10b) at a temperature gradient of 700 K. On an application level, the
thermoelectric materials should have temperature and mechanical stability, which was
confirmed through thermogravimetric analysis and Vickers hardness measurement. The off-
stoichiometric AgSbTe, has high thermal stability up to 841 K, and the endothermic dip in
the DTA analysis of the material corresponds to the melting temperature in the range of 825
K and the peak at 713 K is due to the recrystallization of the material on cooling. Figures
A.5.2.a, b represents the TGA and DTA data of the material. It was observed that the material

117



exhibits a high Vickers hardness[88] value H, of ~108.47 kgf/mm? and was found to be much
higher when compared with conventional TE materials Bi,Tes (63 kgf/mm?) and PbTe (24
kgf/mm?) [89].

5.2. Conclusion

Ternary chalcogenide AgSbTe, was synthesized by the direct melting of high-purity
component elements, yielding a high-density material with a composition of
Ago.927Sb1.07Te2.005. The metastable AgSbTe, crystallizes in the cubic phase with space group
Fm-3m, with Ag and Sb randomly occupying the same site to contribute towards the unique
transport properties. The presence of nanostructures of Ag,Te was observed in SEM and
confirmed through EDX composition analysis and HRTEM. At extremely low temperatures,
this disordered material unveils a variable-range hopping mechanism due to the presence of
localized states. The high Seebeck coefficient of the order of 251 pV/K at room temperature
could be attributed to the high DOS near the Er and electron filtering mechanisms triggered
by the nanoscale structures of Ag,Te. The energy gap of 0.15 eV was determined from the
temperature-dependent thermopower data. The lower thermal conductivity (0.2 W/mK) at
ambient temperature predominantly depends on the spontaneous cation ordering that formed
nanostructures functioning as powerful phonon scattering centres. Additionally, the point
defects, interfaces, and lattice anharmonicity, all contributed to the lessened thermal
conductivity. The confirmation of the lattice relaxation in this disordered material was
achieved by observing a decrease in the Debye temperature. At ambient temperature, a power
factor of 741 pW/mK? and ZT of 1.1 were achieved which increased with increasing

temperature, reaching a calculated efficacy of 12.5% at a AT = 700 K.
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Chapter 6

Summary and Outlook

Global power shortages create a difficult situation as energy demands rise. The decline of
traditional fossil fuel resources generates concerns about energy security and environmental
consequences. There is a distinct shift of focus toward renewable energy sources to address
this issue by utilizing cleaner alternatives. To resolve the need for electrical power while
avoiding environmental harm, a comprehensive plan that integrates innovation, efficiency,
and sustainable behaviours is required. Inorganic compounds, particularly chalcogenides,
play an important role in thermoelectric applications. Ongoing research strives to find novel
materials with high figures of merit to replace traditional thermoelectric materials. Because of
their unique magnetic and transport properties, transition metal ternary chalcogenides are of
particular interest. An exhaustive examination is carried out on the fundamental mechanism
that impacts different characteristics in transition metal chalcogenides. The main focus of the
present work was on the synthesis of new materials and the examination of their

thermoelectric and magnetic functions at low temperatures.

The current thesis begins by providing an introduction to energy consumption, including a
comprehensive explanation of the theory, methods, and importance of transition metal-based
ternary chalcogenides as materials with thermoelectric and magnetic properties. Chapter 2
deals with the experimental methods. In Chapter 3 discusses the synthesis of Zintl phase
BaVSe; using two distinct approaches: one involving the combination of constituent
elements, and the other utilizing a novel synthesis process that ensures phase purity and
reduces the time required for synthesis. The first method results in BaVSes with a secondary
phase BaSe; (BVS: BS) and the newly introduced route results in the phase pure BaVSe;
(BVS). Through the analysis of magnetic properties, it was confirmed that these materials
have an intrinsic glassy and Griffith-like nature. The magnetoresistance studies reveal that
BVS has butterfly magneto resistance at extremely low temperatures (<11 K) in the
longitudinal direction. The inherent magnetic properties arise from its quasi-1-dimensional
form and the robust interaction between the electrons in the Eg and A4 energy levels. The
thermoelectric investigations validated that electrons were the predominant charge carriers in
both materials. However, the higher thermopower in the pure-phase BVSe; can be attributed
to the higher effective mass of the carriers. Additionally, thermal transport is mostly

governed by phonons. BVS demonstrated a maximum ZT value of 0.008, which is fourfold
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greater than that of BVS: BS near room temperature. FM transition metal chalcogenides show

great potential for use in thermoelectric power production and spintronics.

Chapter 4 deals with the synthesis of new materials, CoNiSe, (CNS) and CoFeSe,
(CFS), through direct melting of the precursors at elevated temperatures. The replacement of
Fe at the Ni location improves the thermoelectric capabilities and demonstrates distinct
magnetic features. CNS exhibited antiferromagnetic (AFM) ordering with a Ty of 5.5 K. On
the other hand, CFS has an FM nature with a high-temperature T¢ o ~ 890.5 K. The reported
power factor of CFS is 55.64 W/mKZ2, which is attributed to its high Seebeck coefficient and
ZT value of 0.005 at near ambient temperatures. Heat capacity investigations on these
materials validate that, at low temperatures, the thermal voltage is mostly influenced by
phonon-electron drag rather than the magnon component. The substitution doping at
transition metal sites provides an opportunity to improve the thermoelectric characteristics of

the material.

Chapter 5 is focused on the synthesis of spontaneously nanostructured AgSbTe, as a
promising candidate for future-generation thermoelectric materials. The work revealed
various mechanisms that contribute to the enrichment of the thermoelectric properties of this
material. A fraction of variation in the local composition (Ago.027Sb1.07T€2.005) Of this material
generates a noticeable change in its properties. A Seebeck coefficient of 251 pV/K and a
power factor of 741 pW/mK? at near ambient temperature is attained with this composition. It
also exhibited a low thermal conductivity of 0.2 W/mK arising from phonon scattering at
various defects that led to a high ZT of 1.1 at room temperature. The calculated efficacy of
12.5% at a AT = 700 K makes it an efficient candidate for future-generation thermoelectric

applications due to its remarkable thermoelectric and mechanical properties.

Overall, the investigations involved examining the basic mechanisms and pathways that
enhance the effectiveness of transition metal ternary chalcogenides for thermoelectric and
magnetic applications using various methods. This work also outlines innovative processes
for designing such compounds and presented advanced techniques for studying these

materials for extracting exceptional performance for future power generation and spintronics.

129



Appendix

90 -60 -30 0 30 60 90
H (kOe)

Figure A.3.1. MR versus H at 11 K, 13 K, 15K and 20 K

400

—= AgSbTey
330uV/

3001

S (LV/K)

2001
100-

0 L L L) L)
0 150 300 450 600 750
T(K)

Figure A.5.1. Variation of Swith T

(b)§ o
E 501 825K
> 713K
&
=-40-
=
t =-60-
20F 3‘8411{
400 600 800 1000 1200 300 660 960 12'00
T (K) T (K)

Figure A.5.2. (a) TGA and (b) DTA of the material
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ANNEXURE
1. Characterization Techniques

The crystal structure of synthesized samples was analysed by Powder X-ray diffraction
techniques, (Philips X’pert pro-X-ray diffractometer) using Cu-Ka radiation with wavelength
1.5406A in the 20 range 20° - 90> with a step size 0.005% XRD data was refined by using the
software GSAS. The composition and oxidation states were analysed through X-ray
photoelectron spectroscopy (PHI 5000 Verasprobe I1) and the peaks were fitted by Multi-
pack software. The morphology of the synthesized samples was investigated by scanning
electron microscopy (SEM (JEOL JSM-5600LV, Tokyo, Japan), and the homogeneity of the
sample was analyzed by high-resolution transmission electron microscopy (HRTEM (FEI
Tecnai F20, operated at 300 kV). The elemental mapping of the samples was done by TEM-
EDS, SEM -EDAX. Various magnetic measurements were carried out using a vibrating
magnetometer (VSM) attached to the physical property measurement system (PPMS,
Dynacool, Quantum Design). The low-temperature electrical transport and thermal transport
measurements were done through the thermal transport option (TTO) and electrical transport
option (ETO) of PPMS.

1.1. Structural and Morphology Characterization
1.1.1. X-ray powder diffraction (XRD)

The room temperature powder diffraction patterns of the synthesized samples were recorded
by X-ray diffractometer ( Empyrean 3, PANalatycal) using Cu-Ka radiation with wavelength
1.5406A in the 20 range 20° — 90° with a step size of 0.005°. The powder X-ray diffraction
[1] technique is based on the principle of diffraction of X-rays from the electrons in a
crystalline solid. The high-energy electron beams are aimed into a target metal and the
collision results in the dislodging of core electrons, higher energy electrons will fall into that
vacancy and those results in the production of X-rays. When monochromatic X-rays fall into
a crystal the electrons get scattered and are recorded by a detector. Figure 2a shows the

schematic diagram of the X-ray diffractometer.
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Figure 2. (a) X-ray diffractometer, (b) Bragg’s diffraction

The fundamental to XRD is Bragg’s diffraction (Figure 2b), according to Bragg’s law, the
condition for constructive interference in a crystal lattice occurs when the path difference
between the X-rays scattered by adjacent crystal plane is a multiple of the wavelength and it

is mathematically expressed as
2dsinOp = nA

Where d is the spacing between the crystal planes, 6 is the angle of incidence, n is an integer
and A is the wavelength of X-rays. The XRD data can be analysed by the Rietveld refinement
method and it is based on the least squares approach in which a theoretical profile will fit
with the experimental data. VVarious experimental parameters were refined to get an exact fit
between the experimental and theoretical data. Here we are using the GSAS 2 software for

the refinement studies.
1.1.2. X-ray photoelectron spectroscopy

The surface elemental composition of synthesized samples was analyzed using X-ray
photoelectron spectroscopy (XPS, PHI 5000 Versa probe IlI, ULVAC-PHI Inc., USA)
equipped with monochromatic Al Ka X-ray source of energy 1486.6 eV. X-ray photoelectron
spectroscopy is a surface-sensitive analytical study and it determines the surface sensitivity
and the chemical state information from the identification of the constituent elements [2].
Figure 3a shows the XPS instrument and the photoelectron emission and the energy level
diagram is depicted in Figures 3b & c.
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Figure 3. (a) XPS instrument, (b) photoelectron emission, (c) energy level diagram illustrates

the basis XPS equation.

XPS is based on the photoelectric effect in which the material is irradiated with soft X-rays
and the kinetic energy of the emitted electrons (photoelectrons) is recorded. The incident
energy (hv) of the X-ray is expressed in terms of binding energy (BE), kinetic energy (KE)

and spectrometer work function (@spec) as
hV =BE + KE + d)spec
The binding energy can be obtained from this relation and it is demonstrated in the figure c)

1.1.3 Scanning electron microscopy
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Figure 4. Schematics of scanning electron microscopy

The microstructure and local composition of the synthesized samples at room temperature
under vacuum were investigated by scanning electron microscopy (Zeiss EVO 18 cryo-SEM,
operating voltage of 15 kV)). The SEM (Figure 4) involves the scanning of a sample’s
surface with a focused electron beam. When the beam interacts with the sample, it generates
signals such as secondary electrons, backscattered electrons, diffracted backscattered
electrons and X-rays. The secondary electrons and backscattered electrons are normally used
for imaging samples, secondary electrons are most valuable for displaying morphology and
topography on samples and backscattered electrons are most valuable for illustrating
contrasts in composition in multiphase samples. The characteristic X-rays produced by each

element help to identify the corresponding constituent of the material [3].
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1.1.4. Transmission electron microscopy
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Figure 5. Schematic representation of transmission electron microscopy

The high-resolution transmission electron microscopy (HRTEM (FEI Tecnai F20, operated at
300 kV) and the elemental mapping of the samples can also be done by TEM-EDS. The TEM
(Figure 5) works on the principle of transmitting electrons through a thin film and it gives
detailed images of internal structures at the nano-scale by using the wave nature of electrons.
The TEM techniques generally include conventional imaging in bright field (BF) and dark
field (DF) mode, high-resolution imaging (HRTEM) and energy-dispersive X-ray
spectroscopy (EDS) [3]. The Fast Fourier Transform (FFT) of HRTEM images were used to
find the interplanar distance of the crystal planes.

1.2. Magnetic and transport Characterization

Physical Property Measurement System (PPMS)
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Figure 6. Physical property measurement system (Quantum Design)

The magnetic and various transport studies were carried out using the PPMS Dynacool
(Quantum design 9T, USA) (Figure 6). This instrument is designed to measure various
physical properties that include DC, AC magnetization, electrical, thermal transport, heat

capacity etc[4].
3.2.1. Magnetic characterization

The magnetic measurements were carried out in PPMS using VSM (Vibrating sample
magnetometer) standard (9T, 1.8 K-400 K) and oven (9T, 300 K- 950 K) options. The VSM
[5]works on Faraday’s law of electromagnetic induction and it mainly consists of a VSM
linear motor for vibrating the sample, a coil set puck and the associated electronics for the
data extraction, the figure shows the schematic representation of VSM. The sample to be
measured is attached to the end of the sample rod and placed in a magnetic field. Figure 7
shows the structure of VSM.
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The change in magnetic flux will generate an induced emf in the pickup coil and it is
expressed as Vi = do/dt, where ¢ is the magnetic flux. The induced emf is related to the
magnetic moment (m) through the equation Vi = 2nfCmAsin(2nft), A is the amplitude of
oscillation, C is the coupling constant and f is the frequency of oscillation. By measuring the
induced current that determines the magnetization of the material under study.

1.2.3. Transport properties

Here we have calculated the carrier concentration by the Hall effect method with the help of
the Electrical Transport Option (ETO)[6] in PPMS. The four-terminal geometry is used to
measure the resistance of the material; in this method, two leads pass the current through the
sample and two different terminals measure the corresponding voltage. Ohm’s law is used to
calculate the resistance (R), and resistivity (p) is calculated with the help of the sample’s
geometrical parameters (p = RA/I, where A is the area of cross-section, | is the voltage lead
separation). For the Hall Effect measurement, the voltage leads are connected perpendicular

to the current direction under a transverse magnetic field (Figure 8a & b).
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(b) Schematic diagram of Hall effect connection

The force experienced by the charged particle in a transverse magnetic field (B)
perpendicular to both field and direction of motion is expressed as F=q (v x B), and this force
creates a potential across the sample and it is termed as Hall voltage (V4) and the Hall
coefficient is expressed as Ry =VRA/IIB, it is related to the carrier concentration (n) by the
equation Ry = -1/ne and its sign determines the type carriers. The Hall coefficient can be

easily obtained from the measured R by Ry = RA/IB.
3.2.4. Thermoelectric measurements

The Thermal Transport Option (TTO) [7]of the PPMS enables the measurement of electrical
conductivity, thermal conductivity and Seebeck coefficient (S) over the range of temperature
3K- 350 K under high vacuum. The thermoelectric figure of merit (ZT) of the sample is also
recorded. A four-probe geometry is used for the measurement, heat (Q.,.) is applied at the one
end of the sample by a running current, Tpet and Teoiq are measured at the thermometer shoes
and also the voltage gradient is recorded to calculate the S. Electrical resistivity is also
recorded concerning the flow of current through the sample and heat exits through the cold

foot. Figure 9 shows the connection of the sample in the TTO option.
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1.2.5. Heat Capacity Measurement

The heat capacity module in the PPMS measures the heat capacity at constant pressure in the
range of temperature (1.8 K to 300 K). During the measurement, a known amount of heat at
constant power is applied to the sample for a fixed time and it is also removed from the
sample, the heat capacity is measured by recording the change in temperature. It is expressed
as Cp, = dQ/dT. Figure 10 shows the thermal connection between a sample and the sample

platform[7].
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i o g
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Figure 10. Thermal connection of sample and sample platform in Heat capacity option

Two analysis models can be used in heat capacity measurements the simple model and the

tau model. In a simple model, we assume that the sample and the sample platform are in good
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thermal contact with each other and in this model the temperature T of the platform as a

function of time is given by
Ctota| dT/dt = 'KW (T‘ Tb) +P(t)

Where Cyoia IS the total heat capacity of the sample and sample platform, K,, is the thermal
conductance of the supporting wires; Ty, is the temperature of the thermal bath (puck frame);
and P(t) is the power applied by the heater. Whenever the thermal contact between the
sample and holder is poor then the software uses the two-tau model and the given equations

explain this model.
Cplatform dTp/dt = ‘KW (Tp(t) - Tb) + Kg (Ts(t)- Tp(t) + P(t)
C sample dTy/dt = -Kq (Ts(t)- Tp(t)

Where Cpiaform IS the heat capacity of the sample platform, Csmple is the heat capacity of the
sample and Kg is the thermal conductance between the two due to the grease. Tp(t) and Ts(t)
are the platform and sample temperature.
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The transition metal chalcogenides (TMCs) have significant interest in the arenas of
thermoelectrics (TE) and spintronics due to their unique electronic, thermal and magnetic
properties. The present thesis consists of three working chapters. The introduction chapter
(Chapter 1) gives an overview of thermoelectrics and magnetism. It highlights the need for
thermoelectric power generation, materials for both TE, magnetic applications and various
mechanisms that enhance the efficiency of TE materials. The Chapter 2 deals with the
experimental methods. In Chapter 3, the novel solid-state method was introduced to
synthesize quasi-one-dimensional and phase-pure BaVSes. The ferromagnetic BaVSe;
exhibits unique magnetic characteristics such as glassy behaviour, a Griffiths-like phase, and
butterfly magnetoresistance at low temperatures. A comparison study on thermoelectrics
reveals that phase pure BaVSes; has a maximum ZT value of 0.008, which is fourfold greater
than that of impurity-phased BaVSes;. Chapter 4 discusses the synthesis, magnetic and
thermoelectric studies of selenium-based TMCs CoMSe; (Ni, Fe). The Fe substitution at the Ni site
enhanced electrical conductivity, and Seebeck coefficient and resulted in a PF of 55 uW/mK?. The
improved mobility, density of states near EF and phonon generation contributed to the
improvement in various transport properties in CFS and resulted in a 10 times increase in
thermoelectric efficiency (ZT) of the material. Chapter 5, examines the impact of
micro/nanostructure on the thermoelectric characteristics of nonstoichiometric AgSbTe,. The
composition also exhibited a low thermal conductivity of 0.2 W/mK arising from phonon
scattering at various defects that led to a high ZT of 1.1 at room temperature. The high
thermal, and mechanical stability and calculated efficacy of 12.5% at a AT = 700 K promise
this material for future TE module generation. The overall summary and future outlook of the
thesis are outlined in Chapter 6. The novel materials developed in this thesis have exotic
magnetic and thermoelectric properties at low temperatures. The multifunctional nature of these

TMCs can find applications in the fields of both thermoelectrics and magnetic electronics.
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The use of energy in day to day life has grown in rapid way, and conserving energy to meet the
energy demand is the need of today. Thermoelectric materials have been considered as an
alternative clean energy technology that can realize direct conversion between heat and electricity.
Waste heat recovery is an environment-friendly way to preserve resources and increase energy
efficiency [1]. Thermoelectric materials are characterized by material figure of merit, ZT. It depends
on the Seebeck coefficient, temperature, electrical conductivity and thermal conductivity. The metal
chalcogenide systems consist of inorganic compounds of oxygen, sulphur, selenium and tellurium
with metals and semimetals is an interesting area of research. The present work is focused on the
synthesis and characterization of Vanadium diselenide (VSey). VSe, is a transition metal
chalcogenide showing semiconducting nature and having positive Seebeck coefficient. In the
present study VSe, is synthesized by solid-state reaction [2]. Magnetic and thermoelectric
properties were carried out. By doping VSe; with various elements can improve the thermoelectric
properties.
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There is an upcoming competition in the search of new energy resources due to their scarcity.
The development of reliable and nonpolluting energy is our major concern.With the increasing
awareness of the reduction of global energy resources welcome alternative methods for power
generation [1].Thermoelectric power generation is healthy candidate with wide range of
applications and advantages. Thermoelectric devices are able to convert unusable heat energy to
useful electrical energy. There are interesting researches on AgSbTe, as a promising
thermoelectric material[2].The phase pure polycrystalline AgSbTe, synthesized through solid
state route from its constituent elements.The structural and thermoelectric properties were
analysed experimentally through various measurements.It crystallizes in cubic structure with
space group Fm3m.It exhibit high positive seebeck coefficient (330uV/K) and low thermal
conductivity (0.82W/m.K) at room temperature.Spontaneous nanostructures lowers thermal
conductivity and generates ZT~0.42 at 300K.The hall measurement further confirms the holes
were the majority charge carriers and obtains carrier concentration in the order of 10*%/cm?®.The
results suggest that AgSbTe; is a promising material for thermoelectric generator(TEG).By using
Comsol simulation, a 16x16 AgSbTe,-Bi,Tes TEG were simulated and output characteristics
were calculated.

References

! Lee Gilgeun,Ha Gookhyun, Journal of electronic materials, 2014, 43, 6
2 Heng Wang, Jing-Feng Li,Minmin Zou, and Tao Sui, Applied Physics Letters, 2008,93, 202106



SPAST Abstracts chinnu v Devan,Biswapriya Deb, Manoj Raama Varma, IGCSTS-1, 2021

Magnetic Properties of Undoped and Bi doped LaMnO;
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Perovskite materials have wide range of applications in the area of spintronics and
thermoelectricity. Among manganites LaMnO; is a well studied simple perovskite system
due to its interesting magnetic and transport properties.Most of the investigation is
concentrated on the properties of A site hole- doped(A=Ca,Sr,Ba etc) LaMnOs.Previous
studies report undoped LaMnO; as an antiferromagnetic (AFM) insulator having Mn**
oxidation state.lt arises from the superexchange AFM interactions between Mn®" ions.Here
,we have synthesized LaMnO; and La;,Bi,MnO5(x=0.1,0.2) from La,03 ,Bi.0O; and MnO,
through three step heating process by conventional solid state route. It crystallizes in
orthorhombic phase with space group pbnm,structural and magnetic properties were also
investigated with increasing Bi content.The lattice parameters and unit cell volume has
changed slightly on doping.The saturating hysteresis loops confirm ferromagnetic (FM)
nature with transition temperature Tc=241.66K and have high magnetization with small
coercive field. From Curie Weiss plot at 5000e gives C-W temperature(B) as 233.68K ,the
positive value of 0 is another justification for the FM material. The ferromagnetic order may
be due to the evolution of oxygen stoichiometry,during synthesize the material can be
oxidized, leading to the presence of both Mn®** and Mn*" results double exchange
ferromagnetic interactions between Mn®*" and Mn*" ions[1]. There is a peak in the zero field
cooled (ZFC) magnetization at a temperature (Tp) 43.20K.,the presence of cusp in ZFC is an
indication of glassy nature.Epitaxial LaMnOj films [2] exhibit a similar peak in previous report

and identified as glassy nature.The magnetization versus temperature measurement is
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carried out at different field confirms the ferromagnetic ordering.The variation of oxygen
content plays a major role in the magnetic properties of manganites.Generally hole doping at
the cationic La site with Sr,Ba,Ca generates unusual magnetic properties like colossal
magneto resistance (CMR) and ferromagnetic property in LaMnQOs. La site doped with Bi
results in noticeable magnetic properties,it has similar ionic radius and valency as that of
La.lt belongs to the orthorhombic crystal symmetry with pbnm space group, similar to
undoped LaMnO;.The transition temperature (T¢) changes with Bi substitution,T¢c =157.16K
for x=0.1 and Tc=104.06K for x=0.2.At low temperatures it shows ferromagnetic nature and
above T transforms into paramagnetic phase. The linear fit of the 1/x vs T gives positive
CW temperatures for doped system.From previous reports Bi substitution act like divalent
ions similar to Ba or Sr [3].LaMnO; with x=0.1 concentration of Bi shows minute splitting in
ZFC —FC curve at low temperature at 5000e field.There is a visible bifurcation in the ZFC-
FC curve for x=0.2 doped LaMnO; and observed a cusp in the ZFC magnetization at low
temperature. The bifurcation and the cusp are the primary features of glassy like behaviour
and also it shows [4]spin glass like behavior in Bi doped LaMnO3.The synthesized undoped
and Bi doped LaMnO; exhibit ferromagnetic nature instead of antiferromagnetic
behavior,which is confirmed from various magnetic measuremets and there exist exotic
magnetic property like glassy nature.
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Zintl phases are a special class of complex structures having general formula A-M-Q,where A is
the alkali metal,alkaline earth metal or rare earth metal,M stands for transistion metal and Q is
the main group element [1].Chalcogen based Zintl phases finds applications in the area of
spintronics and thermoelectric power generation.The magnetic properties of zintl phase BaVSe;
were studied experimentally through various magnetic measurements.lIt is synthesized through
solid state method from the constituent elements.lt crystallizes in the hexagonal structure with
space group p63/mmc,a secondary phase BaSe; is identified in the synthesized sample.The
system exhibit a paramagnetic (PM) to ferromagnetic (FM) transition at a transition temperature
Tc=40.81K.The experimentally obtained effective magnetic moment is 1.02ug and positive
Curie Weiss temperature confirms the FM ordering.The exotic magnetic properties like glassy
nature and Griffith like phase behaviour observed in the material. The existence of randomly
oriented FM clusters generates cluster glass nature in the material. The presence of a hysteresis
loop at temperatures above Tc provides evidence for the existence of the Griffiths-like phase.
The reason for the same can be attributed to the persistence of FM or AFM clusters in the PM
matrix[2].The theoretical band structure studies were carried out by using DFT analysis and it
confirms the metallic nature of the the material.
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Developing reliable and nonpolluting energy generators is
crucial for sustainability. Thermoelectric devices are solid- s 2
state systems that can convert waste heat energy to useful I :
electrical energy without moving parts. A phase-pure & J i
polycrystalline AgSbTe, is synthesized from its constituent ie(dg«;« =
elements via a solid-state route. The material showed a cubic .
structure with space group Fm3m and exhibited a high
positive Seebeck coefficient (330 uV/K) and low thermal
conductivity (0.82W/m.K) at room temperature. Spontaneous
nanostructuring minimizes the thermal conductivity that -
leads to a ZT~0.42 at 300K. The hall measurement further | o
confirms that the material is p-type with carrier concentration |
~10"/cm?, which is promising for a thermoelectric generator. | 7w
A 16x16 AgSbTe,-Bi,Tes TEG was simulated using e T
COMSOL, and different device characteristics are presented we )

in detail.
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The magnetic properties of Zintl phase barium vanadium selenide (BaVSes) were investigated
experimentally and theoretically. BaVSes, synthesized through a solid-state route, crystallized into a
hexagonal structure with the space group p63/mmc. A secondary phase of barium selenide (BaSes) was
also formed during the synthesis along with BaVSes. The BaVSes crystal system exhibited a Curie
temperature (T¢) of 40.81 K. Exotic magnetic phenomena like the glassy nature and the Griffiths-like
phase were observed in BaVSes for the first time. The experimentally observed effective magnetic
moment was less than the spin-only moment due to the nonmagnetic secondary phase. The crystal
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structure, lattice parameters, DOS, spin-polarized charge density calculations, Tc and effective magnetic
moment were theoretically studied using density functional theory (DFT) as implemented in Quantum
ESPRESSO and via the atomistic simulation code VAMPIRE. DFT and atomistic simulations give an insight
into the localization of magnetic moment on the V** ions, the metallic nature, and the occurrence of

DOI: 10.1039/d2nj04129d

rsc.li/njc ferromagnetism in BaVSes which has been observed experimentally.

1. Introduction

Zintl phases are a special class of complex structures with the
general formula A-T-Q, where A is an alkali metal or an
alkaline earth metal, T is a transition metal, and Q is the
main group element.' These intermetallic phases satisfy the
Zintl-Klemm concept in which the electropositive atoms act as
electron donors and electronegative atoms act as valence-
electron acceptors. This donor-acceptor system leads to a
valence-balanced condition.” Transition metal compounds
exhibit a paramagnetic (PM) to ferromagnetic (FM) transition
at particular temperatures, leading to some exciting phenom-
ena like colossal magnetoresistance (CMR)® due to the critical
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FM fluctuations about T¢.* This property finds applications in
device components like the magnetic reading head. CMR was
initially observed in manganese-based oxides and recent
reports suggest its presence in alloys and chalcogenides.>®

BaVSe;, having a hexagonal perovskite-like structure with
the general formula BaVX; (with X = S, Se), satisfies the Zintl-
Klemm concept.” Among the above-mentioned BaVX; com-
pounds, BaVs; has been extensively studied.® BavS; shows a
metal to insulator transition at a temperature of 70 K, a
hexagonal to orthorhombic structural transition at 240 K and
antiferromagnetic (AFM) ordering below 30 K.” The selenium
(Se) ions, being larger than the sulphur (S) ions, lead to orbital
overlap in BaVSe; and generate a condition synonymous to one
where BaVs; is under high pressure.® BavSe; exhibits a struc-
tural transition from hexagonal to orthorhombic at a tempera-
ture of ~310 K.'®"!

Ternary chalcogenides with the general formula BaMX; (M =
Ti, V, Nb or Ta and X = S or Se) exhibit a quasi-one-dimensional
structure. At room temperature, BaVS; crystallizes in the
CsNiCl; structure having a space group of p63/mmc with a
linear chain of vanadium atoms formed by the face sharing
of VSg octahedra. In this structure the unidimensionality arises
from the short intrachain V-V (vanadium-vanadium) distance
(2.805 A) and a long interchain V-V separation (6.724 A).'?
The ideal quasi-one-dimensional nature is represented by
vanadium ion chains that are slightly distorted, forming a
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zig-zag pattern along the crystallographic ¢ axis. BaVSe; also
exhibits a metallic ferromagnetic nature and is considered to be
an example of an itinerant electron magnet possessing a 1D
structure;"® hence its primary application is in the field of
spintronics.'* Sugiyama et al. reported that the V moments align
ferromagnetically along the c-axis but they slightly canted towards
the a-axis by 28° and are coupled antiferromagnetically."®
Recently, several studies have been conducted on the spin-glass
behavior and the long-range AFM ordering in dilute metallic
alloys and layered transition metal chalcogenides.'®" Magnetic
materials with glassy behavior are characterized by randomness,
competing interactions and geometrical frustrations, which lead
to the freezing of magnetic moments below a temperature
denoted as the freezing temperature (7j).”° These metastable
ground states are structurally similar to the glassy state.”*

Materials exhibiting glassy behavior are categorized into
several classes based on the observed density of magnetic
moments. Canonical spin-glass (SG) materials exhibit a small
magnetic moment density and can be considered as single
magnetic impurities being dispersed in a nonmagnetic host.
These materials indicate a phase transition that is brought
about due to the strong interaction and cooperative spin
freezing present in them. These magnetic systems have some
frozen-in structural disorder and do not have any well-defined
long-range order as observed in FM and AFM systems. These
systems exhibit a freezing transition with order in which the
spins are correlated to form clusters which are oriented in
random directions.*” Cluster glass (CG) materials exhibit large
magnetic moment densities, resulting from local magnetic
moment and frustration between the neighboring magnetic
clusters.>® This state can be distinguished from SG by the
presence of clusters originating due to short-range magnetic
ordering at temperatures near Tc.”> When the density of
magnetic moments of a material overcomes the glassy limit, it
results in long-range magnetic order. Such magnetic materials
exhibit a transition from the PM state to an ordered state at a
transition temperature before the glassy appearance at T;. The
PM, SG and CG states lack the long-range magnetic ordering.”*>*

Nowadays intense research and development (R&D) is
underway to understand the Griffiths-like phase (GP) observed
in different magnetic materials.>* Griffith first observed the
GP in randomly diluted Ising ferromagnetic systems. In such
systems, magnetization fails to be an analytical function of
magnetic field at temperatures between the Curie-Weiss tem-
perature and the Griffiths temperature.® The reasons for the
origin of the GP vary from one material to another, some of
which are phase separation, the presence of cluster sizes
ranging from nanometers to micrometers and competition
for intra-interlayer magnetic interactions.’® In most of the
materials the GP arises due to the occurrence of short-range
ordered FM clusters in the PM region.>” In manganese oxide-
based materials,”® quenched disorder plays an essential role in
GP formation. In the case of 4f electron alloys*® the origin of
the GP is associated with inherent disorder and competition
between the Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action and the Kondo effect.
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In the present investigation, we synthesized polycrystalline
Zintl phase BaVSe; with BaSe; as the secondary phase through
a solid-state method and carried out detailed structural and
magnetic investigations. The present study establishes the
glassy behavior of BaVSe; with the secondary phase of BaSe; for
the first time. The GP is another area of interest in the present
system. The existence of this phenomenon is established through
different magnetic property evaluation techniques. In addition to
experimental techniques, we also employ DFT and atomistic
simulations to probe the electronic and magnetic nature of the
material. The band structure, density of states, effective magnetic
moment and the Curie temperature of the synthesized material
were theoretically investigated through DFT analysis.

2. Experimental section

2.1. Synthesis

Polycrystalline BaVSe; was synthesized via a solid-state reaction
route using the precursors Ba, V and Se. The components of the
precursors, ie., Ba rods (99.99%), V pieces (99.7%) and Se
granules (99.999%), were purchased from Alfa Aesar. The
synthesis was done in three steps: at first Ba and Se were
weighed in a 1:1 ratio under a nitrogen atmosphere in a glove
box with 1 ppm oxygen level and moisture level, sealed under
vacuum (10~ * Torr) in quartz tubes and annealed at 600 °C for
2 days. In the second step VSe, was prepared via the same solid-
state route, with a heat treatment of the evacuated and sealed
quartz tube at 750 °C for 8 days. The obtained pieces were
ground and then subjected to recrystallization for an extended
duration of 8 days at 750 °C. The synthesized material from the
first step and VSe, were mixed with Se in the required stoichio-
metry in a glove box with ideal conditions and sealed under
vacuum in quartz tubes. The tubes were then heated at 950 °C
for 100 hours. The obtained powder was crushed and pelletized
for characterization using various techniques.

2.2. Characterization techniques

The crystal structure of the synthesized BaVSe; was analyzed by
utilizing the powder X-ray diffraction technique (XRD, Bruker
D8 Advance diffractometer) using Cu-Ko radiation with a wave-
length of 1.5406 A in the 260 range of 10°-90° with a step size
of 0.005°. The Rietveld refinements of the XRD patterns were
done by using GSAS-EXPGUI software. The elemental analysis was
carried out using X-ray photoelectron spectroscopy (PHI 5000
Versaprobe II) and the peaks were fitted by using Multi-Pak
software. Magnetic measurements were carried out using a vibrat-
ing sample magnetometer (VSM) attached to the physical property
measurement system (PPMS DynaCool, Quantum Design, USA).

2.3. Computational details

The spin-polarized DFT calculations are carried out using
Quantum ESPRESSO, the plane-wave pseudopotential (PW +
PP) code. The converged values for the K-point grid, the kinetic
energy cut-off of the wave function and the kinetic energy cut-off
for charge density are 8 x 8 x 8, 80 Ry and 640 Ry, respectively,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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and are used in conducting the SCF (self-consistent field)
calculations. The approximation involved was the GGA-PBE
(generalized gradient approximation-Perdew-Burke-Ernzerhof)
exchange-correlation functional with the KJPAW (Kresse-Joubert
projector augmented wave) pseudopotential. The GGA-KJPAW
pseudopotential is acquired from the Quantum ESPRESSO
repository of pseudopotentials and is used for our calculations
as it is reasonably accurate and inexpensive in terms of
the computational power required. The denser grid for NSCF
(non-self-consistent field) calculations is taken to be 16 x 16 x 16.
The geometry is relaxed using the BFGS (Broyden-Fletcher-
Goldfarb-Shanno) algorithm. The constraint involved keeping
the lattice parameters (a, b, ¢, o, f and y) equal to the ones
obtained from the XRD measurement and moving the ions so as
to obtain the minimum energy structure with the forces on the
atoms reduced (shown in Fig. S1, ESIT). The electronic structure
calculated via DFT resembles the experimentally obtained lattice
and at the same time the relaxation (by varying the positions of
atoms) minimizes the effect of strains that may exist in the unit
cell. The DFT+U methodology, which is based on the Hubbard
model, can be used to reduce the electron delocalization, but we
were not able to tune the U parameter based on an experimentally
observed physical quantity (like the bandgap). Since the system
is metallic, the DFT+U methodology was not followed in our
simulations. The Curie temperature is simulated via the atomistic
simulation code VAMPIRE which implements the 3D Heisenberg
model.

The atomistic spin model used in VAMPIRE is based on
the spin Hamiltonian, which describes the fundamental
spin-dependent interactions at the atomic level (neglecting
the effects of potential and kinetic energy and electron correla-
tions). The spin Hamiltonian is defined as

I?:ZJ,-]-SrSj*kzZSZZ*ﬂsZBapp'Si

i<) i

The three terms describe the exchange, uniaxial anisotropy and
applied field contributions, respectively. Important parameters
are the Heisenberg exchange J;, the anisotropy constant &, and
the atomic spin moment ys. S; is a unit vector which describes the
orientation of the local spin moment. In most magnetic materials
the exchange interactions are the dominant contribution, usually
by two orders of magnitude, and give rise to the atomic ordering
of the spin directions. For ferromagnetic materials (parallel
alignment of spins), J; > 0, while for anti-ferromagnetic materials
(antiparallel alignment of spins), J;; < 0.

3. Results and discussion

3.1. Crystal structure

The indexed XRD spectra of the synthesized BaVSe; are shown
in Fig. S2 in the ESI, T and the Rietveld refined XRD pattern is
shown in Fig. 1(a). The existence of the secondary phase of
BaSe; is also evident from the XRD data.

Hulliger et al®® reported the formation of BaSe; from
its constituent elements at temperatures between 500 °C
and 700 °C and remained stable even after prolonged heat

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 1 (a) Rietveld refined XRD pattern of BaVSes and (b) a graphical
representation of the BaVSes unit cell obtained from the refined XRD data.

treatment. The presence of secondary phases is common in
solid-state synthesized materials from constituent elements.*!
The primary phase BaVSe; belongs to the hexagonal crystal
system with a space group of p63/mmc and the other phase,
BaSe;, belongs to the tetragonal system with a space group of
p421m. The goodness of fit factor of the refinement (x*) is
obtained as 1.66. The lattice parameters of BaVSe; are a = b =
6.9944 A and ¢ = 5.8577 A. The «, ff and y angles are 90°, 90°, and
120°, respectively. From the Rietveld refinement, the phase
fraction obtained for BaVSe; is 76.21% and for the secondary
phase it is 23.79%. A crystallographic information file (CIF) is
created from the Rietveld refined XRD data using the software
Crystal Maker (version 2.7.3). A graphical representation with
the labeling of Ba, V and Se is shown in Fig. 1(b), where the
barium, vanadium and selenium (Se) ions are labeled with
purple, red and orange spheres, respectively. The Wyckoff
symbols and the initial fractional coordinates are given in
Table 1. The structure from the CIF file is subjected to con-
strained relaxation prior to conducting the DFT calculations.
The procedure for the same is detailed in the ESL¥

3.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) studies of polycrystal-
line BaVSe; were carried out to observe the oxidation state and
chemical composition of the sample. The binding energies are
corrected with the reference energy of 284.60 eV (C 1s).
Fig. 2(a)-(c) shows the peak fitted high-resolution spectra of
Ba, V, and Se, respectively. Fig. 2(a) depicts the deconvolution of

New J. Chem., 2023, 47,97-108 | 99



Paper

Table 1 The Wyckoff symbols and positions (in fractional coordinates) of
one instance of Ba, V and Se as is present in the CIF file created from
refined XRD data

Atoms Wyckoff symbols x coordinate y coordinate z coordinate
Ba 2¢ 0.33333 0.66667 0.25

Se 6h 0.82735 0.65470 0.25

\% 2a 0 0 0

the Ba 3ds/, peak, fitted with two curves at binding energies of
781.27 eV and 779.35 €V, representing the Ba** and Ba® states,
respectively.>* In BaVSe;, vanadium exists in the V** state; how-
ever, the presence of V°* may indicate the surface oxidation®® and
the formation of V,05 on the top 5 nm layer of BaVSe;. However,
the presence of V,0s is not observed in XRD, indicating that the
formation of V,05 is negligible and does not influence the proper-
ties of the considered system. Fig. 2(c) shows the deconvoluted
spectra of Se. It has a lower binding energy of 54.36 €V due to
Se ions (Se*7)** and a higher binding energy of 55.90 eV corres-
ponding to the Se® state.>” Hulliger et al.* reported that BaSe; has
the ionic formula of Ba>*Se’Se,'~, where Se° corresponds to the
formation of the secondary phase, BaSe;, and is confirmed by the
Rietveld refinement of XRD spectra.

3.3. Magnetic properties

The magnetic hysteresis (M-H) loops were recorded at different
temperatures in the field ranging from —90 kOe to +90 kOe.
Fig. 3(a) shows the M-H loops recorded at different temperatures

NJC

such as 2 K, 10 K, 25 K and 43 K. Up to 25 K, the MH loop shows
FM nature, and the M(H) loop at 43 K shows PM behavior, which
profoundly indicates the FM to PM transition at a critical
temperature (i.e., Curie temperature, T¢) between 25 K and 43 K.
However, the hysteresis loops below T exhibit unsaturated
magnetization even at a higher field of 90 kOe. Usually this kind
of unsaturated magnetization is due to the presence of AFM
moments.** Also, an unsaturated M-H loop is one of the criteria
for magnetic systems with glassy behavior.*® Fig. 3(a) clearly
demonstrates the above-mentioned unsaturated nature of mag-
netization and is a profound indication of a frustrated ferromag-
netic system.>® In the magnified view of the hysteresis (shown in
Fig. 3(b)), a non-zero coercivity (Hc) and remanent magnetiza-
tion (Mg) at temperatures of 2 K, 10 K, and 25 K can be observed.
Here, H; and My are observed to decrease with an increase in
temperature. Another parameter of interest is the anisotropy
constant (K) since it depends strongly on temperature.’”
In Table 2, Hg, saturation magnetization (Ms) and My are
presented. The reduction in coercivity can be a direct conse-
quence of the reduction in effective magnetic anisotropy with an
increase in temperature.®® According to the Néel model of
anisotropy, the magnetic energy barrier® is given in eqn (1) as

2K

He ="
el Ms

(1)
The calculated values of K at different temperatures are given in
Table 2. The anisotropy constant is observed to decrease with
increasing temperature.*”
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Fig. 2 Deconvoluted high resolution XPS spectra of elements (a) Ba, (b) V and (c) Se.
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Fig. 3 (a) M—H loops recorded at different temperatures, (b) zoomed-in view of (a), (c) M—=T curves recorded at different magnetic fields, and (d) the dM/

dT versus T plot.

The temperature-dependent magnetization of the material
is studied in the temperature range of 2-100 K at different field
strengths. The zero-field cooled (ZFC) and field cooled (FC)
magnetization versus temperature (M-T) curves were recorded
under different field conditions. In ZFC, the material is cooled
to 2 K in the absence of an external magnetic field and
subsequently warmed from 2 K to 300 K by applying the
required field; the required data are collected during the
warming process. In FC, the M-T measurement was carried
out in the presence of a constant field with cooling the sample
from 300 K to 2 K. Fig. 3(c) shows the M-T curves of BaVSe;
under the influence of 100 Oe, 500 Oe and 1000 Oe fields,
indicating that there is a split in ZFC and FC at low tempera-
tures. This bifurcation in the M-T curves was not suppressed by
the applied strong magnetic fields, which is an indication of
glassy behavior.*® Fig. S3 in the ESI,T shows the observed cusp
in ZFC at lower fields.

The transition temperature, T, is obtained from the mini-
mum of the dM/dT versus T plot. Below T, the material exhibits
FM ordering and a paramagnetic behavior is observed above Tc.

Table 2 Comparison of H¢, Ms and Mg

MsHc
T(K)  Hc(kOe) Ms(emug ')  Mg(emug ) K=—73
2 1.00 2.80 1.32 1409.80
10 0.67 2.22 1.29 748.80
25 0.23 1.38 1.07 161.30

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Fig. 3(d) shows the dM/dT vs. T plot of BaVSe; and the T¢
obtained is 40.81 K. This is in good agreement with previous
reports by Kelber et al. (T¢ = 41 K)'" and Akrap et al. (T¢ = 43 K).°
Some recent reports of 2D magnetic materials exhibit low T¢
values (below 50 K).*'™** But the Curie temperature of ferro-
magnetic materials is dependent on the size and shape effects
of nanoparticles.**** These results indicate that the presence of
nonmagnetic BaSe; did not affect the properties of BaVSe;
much. Since V is a first-row transition metal, orbital angular
momentum does not contribute to the total magnetic moment
due to orbital quenching.>” Hence, the magnetic moment for
these metals originates from electron spin-only magnetic
moment and is given by

Uetr = &/ S(S+1)  ug per F.U.

where S is the spin angular momentum quantum number and
the Lande g factor, g, has a value of 2.

In BaVSe;, vanadium is the only element that contributes to
magnetism. The spin-only magnetic moment for V** calculated
from eqn (2) is 1.73up per F.U. Since eqn (2) represents a
scenario in which spins are non-interacting, the magnetic
properties of BaVSe; are also obtained via a DFT calculation.
DFT involves solving the many-body Schrédinger equation.
Hence it reveals the interactions between the ions in a crystal
system. The spin-polarized bands (the calculation procedure is
mentioned in Section S4.1 of the ESIT) crossing the Fermi level
(0 eV) at Gamma and other high-symmetry points (Fig. 4(a))

(2)
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(a) The spin-polarized band structure of BaVSes. The blue (solid-line) and red (dotted-line) bands indicate the spin-up and spin-down channels,

respectively (the green dashed line indicates the Fermi level at zero). (b) The spin-polarized density of states (DOS) of BaVSes near the Fermi level. (c) The

k-path (for band structure calculations) taken through the Brillouin zone.

indicate the metallic nature of the material. This is also evident
from the peaking of spin-polarized DOS (the calculation proce-
dure is mentioned in Section S4.2 of the ESIt) near the Fermi
level (given in Fig. 4(b)). The room temperature electrical
conductivity (120 S m™"') measurements further confirm the
metallic nature of the material (S5(c), ESIT). The spike seen in
the spin-up DOS near the Fermi level can be attributed to the
dispersion-less nature of the spin-up bands. The spin-polarized
band structure is obtained along the k-path “G-M-K-G-A-L-H-
A|L-M|K-H” (where the letters stand for the high symmetry
points) as given in Fig. 4(c), where hexagonal BaVSe; is con-
sidered. The magnetic moment of the unit cell was also
calculated from the DOS using eqn (3):

n= s " (E) = ()] -dE 3)

where u represents the net magnetic moment, up is the Bohr
magneton, n'(E) and n~ (E) are the DOS values of spin-up states
and spin-down states, respectively, and dE is the increase in
energy (integrating variable). The integration was done over the
entire range of the calculated energy values from —oo to 0

102 | New J. Chem., 2023, 47, 97-108

(since the energy values are shifted with respect to the Fermi
level), which turned out to be 1.73up per unit cell. The atomic
moments are calculated by carrying out the spin-polarized DFT
calculations. The moments on individual atoms of Ba, Se and V
are —0.0058up, —0.0759up and +1.0460ug, respectively. The
magnetic moment on vanadium ions (1.046uz) is two orders
of magnitude greater than that present on the other ionic
species (Ba®* and Se®”). The total magnetic moment is calcu-
lated by summing up the contributions of all the atomic
moments, and it results in a value of 1.73u which is equivalent
to the one obtained from the DOS calculation.

The spin-polarized charge density distribution (Fig. 5) is
calculated to understand the distribution of spins inside the crystal
(Section S4.3, ESIT). The charge with a positive spin polarity is
localized around the vanadium atom (Fig. 5(a—d)) as observed from
the iso-surface plot (iso-value = 0.022) shown in Fig. 5(d). The spin-
polarized charge density distribution is also found to be different
on the two vanadium atoms (Fig. 5(d)) in the BaVSe; unit cell.

From Fig. S6 (ESIt), the experimental effective magnetic
moment is calculated from the C-W fit by using eqn (4):

Uerr = 2.827+/%T pg per F.U. (4)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Here ;" is the reciprocal of the slope of the linear fit, kg is the
Boltzmann constant and N, is the Avogadro number. The para-
magnetic g calculated from the C-W linear fit is 1.02up per F.U.
Yamaski et al. reported the i of BaVSe; as 1.42u per F.U."* The
reduction in the magnetic moment may have occurred due to the
disorder induced by the secondary phase BaSe;. The C-W
temperature (@) obtained is 17 K. The positive value of ©
confirms that the material is ferromagnetic below T¢.
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The FM to PM transition of BaVSe; is also investigated via
atomistic simulations. The exchange interaction constant () is
obtained as +0.392 x 102" J per atom. The positive value of J is
also indicates that the material is ferromagnetic in nature. The
atomistic simulation of the Curie temperature using VAMPIRE
yielded a value of 41.01 K (shown in Fig. 6(a) and (b)). The
initial spin distribution for the calculation involved assigning a
moment of 1.046up to the V ions arranged in a pattern as shown
in Fig. 6(c).

The simulation required the dimensions of the magnetic
unit cell (a, b and ¢), damping constant, exchange-matrix value,
atomic-spin-moment and the uniaxial-anisotropy constant. The
magnetic unit cell was taken in accordance with the distribution
of local moments (located mostly on the vanadium ions in the
unit cell of the crystal) obtained from the DFT calculations. The
distribution of local magnetic moments resembled a hexagonal
magnetic unit cell with the parameter values of a, b and ¢ of 7 A,
7 A, and 3 A, respectively. The magnetic unit cell is not
equivalent to the crystallographic unit (repeating unit with a
specific composition of elements) as it takes into consideration
the local spin magnetic moment (localized on the atoms) and is
defined as the smallest repeating spin configuration. Hence, the
magnetic unit cell parameters (a, b and ¢) mentioned here are
different from those defined for the unit cell of the BaVSe;
crystal. Since the support for unit cells with non-orthogonal cell
vectors is not implemented in VAMPIRE,*® the magnetic unit cell
was considered as an orthorhombic unit cell (as shown in Fig. 6(c))
with the a, b, and ¢ parameters taken as 7 A 7 A and 3 A

Vanadium ion with an initial :
moment of 1.0460 p,.

(a) M-T curve obtained from the atomistic simulation, (b) dM/dT vs. T curve obtained from the simulated M—T curve, and (c) the initial spin

configuration chosen for the BaVSes unit cell for the Curie temperature simulation.
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The atomic magnetic moment is given as 1.0460ug, the value of
the local magnetic moment for vanadium obtained from
DFT. The initial magnetic configuration as given in Fig. 6(c)
is taken to be similar to that in the DFT configuration. The
damping constant, uniaxial-anisotropy constant and exchange
matrix value are provided as 1.0, 6.39 x 10>° J per atom, and
0.392 x 10~ >' ] per atom, respectively. To get an estimate of the
exchange matrix value, eqn (5) was used.

3k Tc
B &n

J ()
Here kg, T¢, ¢, and n represent the Boltzmann constant, Curie
temperature, correction factor related to spin stiffness, and the
number of interactions, respectively.?” The values for the same
are provided as kg = 1.3806 x 10> m* kg s > K ', Tc = 40.8 K
(experimental observation), ¢ = 0.719 (for a 3D Heisenberg
system having a simple cubic-like lattice?”), and n = 6 (since
the magnetic unit cell approximated as orthorhombic).

In most of the substituted manganites there is magnetic
inhomogeneity at temperatures above T¢, and Griffith initially
explained it for disordered magnetic systems.*®° It is defined
for randomly diluted Ising ferromagnets and this phase appears
as ferromagnetic clusters in a paramagnetic matrix above Tc.>*
This theory was first introduced for explaining the CMR, mag-
netic susceptibility, and heat capacity in La,,Ca,sMnO3.>" The
downturn deviation from standard PM behavior in the inverse
susceptibility graph at lower applied fields is a hallmark of the
presence of the GP.>* It is due to the short-range FM ordering
in the PM region. However, on increasing the applied magnetic
field the anomaly in the C-W plot softens and attains the
classical C-W behavior.>

According to the concept of GP there is always a finite
probability of finding FM clusters with randomly distributed
spins in the temperature range Tc < T < Tg, where T¢ is the
C-W temperature and 7 is the Griffiths temperature at which
the deviation in y " occurs. In the Griffiths phase spontaneous
magnetization is absent due to the lack of long-range
FM order.>* Further, Bray extended the concept of GP and at
present the GP is observed in the region T¢ < T < Tg, where Tg
is the critical temperature of the random FM at which the

(a)
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T50F e FC @ 3000 Oc

<= FC @ 10000 Oc

=
5
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]
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S
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Fig. 7
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susceptibility starts to diverge.”® So the GP is the area between
completely ordered states above T and the disordered state
below Tg. In general, T¢ is considered as the C-W temperature,
©. Hence, the GP is defined as the region of the PM phase
where the magnetic clusters are generated.’®

Fig. 7(a) shows the 7" versus T behavior under the influence
of various field strengths of 100 Oe, 1000 Oe, 3000 Oe and
10000 Oe. It can be seen that there is a visible downturn in the
variation of ¥~ ' above the temperature Tc. The retention of this
anomaly up to a field strength of 10000 Oe indicates that
higher fields are required for its suppression. The linear fit of
the C-W plot at fields of 3000 Oe and 10 000 Oe is depicted in
Fig. 7(b). The fit exhibited a T value of 116 K and a @ value of
17 K. The GP is observed in this temperature range. On increasing
the field to 10000 Oe the linear fit overlaps with the PM region,
confirming the disappearance of FM clusters in the PM region.
This is due to the fact that the increase in field leads to the
magnetization of the spins which are outside the clusters or the
masking FM signal by the enhanced PM background.”*

The susceptibility of the GP at low applied fields follows a
power-law, which is formulated in eqn (6).

S (r-1d)" ©)

Here / is the magnetic susceptibility exponent with a value
that lies between 0 and 1, and T8 is the random critical
temperature. Based on the value of 4, the GP and PM phases
can be distinguished. When A = 1, it corresponds to GP
behavior and / = 0 is indicative of the PM state. Tt is the
random critical temperature at which the C-W law yields a 4
value close to zero above Tg, and in the present case the © can
be considered as Tg.*” In Fig. 8(a) the linear region of the graph
In( ") versus In(T — T¢) is fitted with a power law. The 2 values
for lower and higher fields are calculated from the slope of the
fitted straight line in the GP region. The /gp value decreases
from 0.99 to 0.94 when the applied field increases from 100 Oe
to 10000 Oe. This is in good agreement with the required
range. This confirms the presence of the GP in this Zintl phase
compound and the high value of Agp indicates the prominence

(b)
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(a) C-W plot at different fields and (b) C-W plot with linear fit in the PM region.
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Fig. 8 (a) GP analysis, (b) M—H loop at 43 K, (c) M—H loop at 50 K and (d) Arrott plot.

of the GP. The linear fit in the paramagnetic region (T > Tg) at
higher fields (10000 Oe) shows a reduction in the Apy value to
0.12 and this is due to the decrease in the size of the clusters in
the PM region under large fields. On increasing the field, the
exponent value gets reduced (this is a signature of GP behavior),
as higher fields are needed to remove the ferromagnetic
clusters in the paramagnetic matrix. Here, the M(H) measure-
ments above T also show FM-like behavior with small loops as
shown in Fig. 8(b) and (c) and its inset. This hysteresis above
and below T is due to the presence of FM or AFM clusters in
the GP regime.

Another major analysis technique used to probe for the
presence of the GP is the Arrott plot, in which the square of
magnetization (M?) is plotted as a function of H/M.>® Fig. 8(d)
shows the Arrott plot at 43 K, which is well above 7¢ (17 K) and
below T (116 K). The extrapolation of linear fit in the M versus
H/M plot exhibits a negative y-intercept. This indicates the
absence of spontaneous magnetization (i.e. Mg = 0) above Tc.
The absence of Mg in the GP regime is an indirect characteristic
of the Griffiths-like phase in BaVSe;. Hence, the Arrott plot
analysis further confirms the presence of the GP in BaVSe;.

The foremost measurement that indicates a glassy-like nature
is the AC susceptibility measurement.>® The AC susceptibility
measurements are carried out by varying the temperature from
22 K to 44 K at frequencies of 177 Hz, 555 Hz and 777 Hz.
Fig. 9(a) depicts the real part of AC susceptibility (y') vs.
temperature at different frequencies. The temperature at which
the peak point occurs in the y' vs. T plot is the freezing
temperature (7). 7' has a peak at Ty as shown in Fig. 9(a) and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

it shifts towards the right when the frequency is increased. This
frequency dependent shift indicates the glassy nature of the
material. The three models introduced to explain the Tt shift are
the Arrhenius law, Vogel-Fulcher (V-F) law and critical scaling
approach,'®?"°>®! When the spin-glass material is cooled from a
paramagnetic state, it results in a random configuration initially.
The spins will locally optimize their respective orientations over
longer length scales, which defines the time growing correlation
length, £.°% Let us assume that t, represents the spin relaxation
time, E, is the activation energy, Tsc represents the critical spin
glass ordering temperature in which the frequency tends to zero,
z is the dynamical critical exponent, v represents the critical

: , Tr — Tsg\ "
exponent of spin correlation length, and ¢ = <%) 63
SG
The relationship between relaxation time t and reduced tem-

Ty — T . . .
2~ 756 The 1 is associated with the
TsG

frequency ( f ) at which the single-spin flip occurs and is given by
7 = 1/2nf. The relaxation time is obtained from the experiments
and the other parameters are calculated by fitting the experi-
mental data with the concerned model.

The first model is the Arrhenius law®® represented by

eqn (7).

perature is given by ¢ =

Ey
T =10 -cksTr

7)

Similarly, the V-F law is defined by the relationship represented
in eqn (8), and the critical scaling approach is given by the
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Fig. 9 Frequency dependence of the (a) real component of AC-magnetic susceptibility and (b) relaxation time t versus maximum spin-freezing
temperature T fitted to the VF law (solid line) and power law (dashed line). The inset shows linear fitted In(z) versus In(t), where reduced temperature t =

(Tt — Tsa)/ Tsg and the solid line is the linear fit.

relationship in eqn (9).%

Eqa
T =10 - ekB(Tr—Tsa) (8)
Tl" }:V
T=10|——1 9
o7 0

For spin-glass nature to be evident in a system, the 7, must
be in the range of 10 '° to 10 "* seconds and the value of zv
should be between 4 and 12.%° Another parameter of interest is
the Mydosh parameter (g) which determines the relative tem-
perature shift of T¢ with frequency, which is given by the
relationship shown in eqn (10).

g= ot (10)
Tt log(Af)

The g value for spin glasses lies between 0.005 and 0.08 and for
superparamagnetic materials this value is greater than 2.%° If the
g value is in between those of the above two classes of materials,
then the system exhibits a cluster glass nature. In the present case,
the g value obtained is 0.1, which lies in the value range of cluster
glasses. The Arrhenius model is omitted because the fit does not
converge with the experimental data. Therefore, the other two
models are considered and are fitted to the experimental data.
Fig. 9(b) shows the In(t) versus Ty graph and the data are fitted
using both the V-F model and the critical power law model.
The parameter values obtained using the V-F model are E,/kg =
0.243 £ 0.011, T, = 37.401 + 0.001 K and 7, = 1.522 X 10~*s. From
the dynamical scaling analysis, Tsg and the critical exponent zv
are obtained as 37.518 + 0.012 K and 0.459 =+ 0.008, respectively.
From this analysis the higher value of 7, and lower value of zv
confirm the slower spin flipping mechanism and the existence of
randomly oriented ferromagnetic clusters rather than atomic-level
randomness.®’

4. Conclusion

BaVSe;, a Zintl phase crystal system, is synthesized through a
solid-state reaction by vacuum sealing and controlled atmosphere

106 | New J. Chem., 2023, 47, 97-108

heat treatment. The secondary phase associated with it has been
identified as nonmagnetic BaSe;. The crystal structure was
analyzed experimentally via XRD and theoretically by using DFT
simulations. The magnetic measurements indicate that the pre-
sent material has an FM to PM transition at a T¢ of 40.81 K. The
effective magnetic moment calculated was 1.02ug, which is less
than the reported values due to the influence of the nonmagnetic
impurity phase. We report the occurrence of glassy nature and the
Griffiths-like phase in the BaVSe; crystal system for the first time.
The glassy nature is probed and confirmed via AC magnetic
susceptibility measurements. The presence of a hysteresis loop
at temperatures above T provides evidence for the existence of
the Griffiths-like phase. The reason for the same can be attributed
to the persistence of FM or AFM clusters in the PM matrix. The
spin-polarized DFT calculations (without the inclusion of spin-
orbit coupling) are carried out to analyze the electronic and
magnetic properties of the material. The spin-polarized band
structure is a reason for the metallic nature. The crossing of the
Fermi level (Ex) by the bands of both spin channels is also a
reason. The Curie temperature is theoretically obtained as 41.6 K
by using the atomistic simulation suite software VAMPIRE. The
effective magnetic moment calculated from the DOS is 1.73ug,
and the spin-polarized charge density distribution confirms the
localization of magnetic moments on the V** ions and it is found
to be different on the two vanadium ions present within the same
BaVSe; unit cell.
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ARTICLE INFO ABSTRACT

Keywords: Quasi-one-dimensional (Q1D) materials possess extraordinary magnetic and transport characteristics, which
Bavse3 render them of critical importance. In this study, we present the synthesis of phase pure Q1D BaVSes via a novel
BaSe3 . heat treatment process and analyze its low-temperature thermoelectric, magnetotransport, and magnetic prop-
zs:;:;:ilcescmc erties. A comparison is made between this phase pure system and the BaVSes infused with the secondary BaSes
Magnetotransport phase that we previously reported to determine the potential effect of impurities on the magnetic and thermo-

electric properties. Our previous study covered the experimental and theoretical investigation on the exotic
magnetic properties of BaVSe; with BaSes. In phase pure BaVSes, at Tc ~ 41.2 K, a paramagnetic to ferro-
magnetic transition with a magnetic moment of 1.74 pp from v+ was observed, consistent with calculated
values. At very low temperatures (<117 K), the material behaved like glass, showed Griffiths-like behavior and
spin valve-like butterfly magnetoresistance (BMR). Experiments indicate that these exotic magnetic properties
are caused by the interaction between the Aj; and tyg levels of the V 3d orbital and their spin orientation.
Magnetic frustration in these materials is caused by V-V inter and intra chain interactions in the 1D spin chains of
V. Q1D BaVSes (BVS) demonstrated n-type thermoelectricity with a thermoelectric figure of merit of ~ 0.008, 4
x greater than BaVSes:BaSes (BVS: BS) at room temperature. The thermal transport is determined to be primarily
phonon-dependent. The magnetic property studies disclosed that this FM transition metal chalcogenide can
contribute to low-temperature spintronics.

environments associated with space exploration, superconducting
technologies, and certain industrial processes [10]. The primary
obstacle is the identification of materials that possess elevated thermo-
electric efficiency even at such low temperatures. Presently, research is

1. Introduction

Transition metal chalcogenides (TMCs) are at the forefront of
research in energy applications, providing potential paths for techno-

logical growth. These compounds demonstrate distinctive electronic
characteristics that render them crucial in the endeavour to develop
energy-efficient storage devices, including supercapacitors [1], batteries
[2], and thermoelectric generators [3]. Recently, TMCs were shown to
have exceptional magnetic properties, involving harnessing electron
spin for information storage and processing [4,5]. The interdisciplinary
study of TMCs may hasten the development of creative solutions in
sustainable energy and information technologies.

Thermoelectric applications at cryogenic temperatures are crucial
[6] for converting waste heat into electrical power at temperatures
falling below —150 °C [7-9]. This is particularly significant in

underway to investigate exotic materials that may improve the effi-
ciency of thermoelectric devices, Berri et al [11] proposed the first
principles calculations on thermoelectric materials. The objective of
low-temperature spintronics is to manipulate and utilize electron spins
to store and process information. Magnetic materials [12,13] demon-
strate improved spin coherence and minimal thermal noise at extremely
low temperatures, thereby enabling precise manipulation of electron
spin [14]. Spin-based technologies such as spin valves, magnetic tunnel
junctions, and spin transistors operate more reliably at low temperatures
[15]. Some novel materials, such as certain semiconductors and topo-
logical insulators were introduced to push the boundaries of low-
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Fig. 1. (a) Rietveld refined XRD pattern of the sample, (b) — (d) Crystal structure of BaVSes with different orientations.

temperature spintronics [16] and energy harvesting [17].

A survey of the TMCs reveals that their anisotropic physical prop-
erties emerge from their anisotropic structural arrangements of the
layers or chains of atoms with weak interlayer bonding [18]. The Q1D
materials are low dimensional solids comprised of linear chains of metal
(M) atoms extended along one of the crystal axis and the unidimen-
sionality arises from the comparison between the M—M inter-chain and
intra-chain bond length [18]. Researchers reported spin glass behaviour
[19,20], long-range antiferromagnetism (AFM) [21,22], linear ferro-
magnetism (FM), Griffiths-like nature [23] and superconductivity [24]
for transition metal chalcogenides. Kelber et. al synthesized BaVSes that
crystallizes in a hexagonal phase with space group p63/mmc with a
ferromagnetic ordering below 41 K [25]. Yamasaki et al investigated the
magnetic and thermoelectric properties of BaVSes [26]. It exhibited a
phase transition from hexagonal to orthorhombic symmetry at ~ 310 K,
and resulted in a zigzag distortion in the V chains [27]. The crystal
distortions at low temperatures could generate unusual physical prop-
erties in this class of compounds [28]. It is well established that
achieving an adequate thermoelectric output is difficult because it re-
quires the optimization of interdependent parameters, however, exten-
sive research is now being conducted on the thermoelectric
characteristics of many materials [29]. Consequently, ongoing research
initiatives are dedicated to the development of novel ferromagnetic
systems and their unusual magnetic characteristics [30]. The current
study presents the synthesis of phase pure BVS and analyzes its ther-
moelectric, magnetotransport, and low-temperature magnetic proper-
ties. A comparative analysis was conducted between our prior
investigations involving the formation of BVS: BS [28].

2. Experimental section
2.1. Synthesis of BVS
High-purity precursor elements Ba (99.99 %, rods), V (99.7 %,

plates), and Se (99.999 %, shots) (Alfa Aesar) were taken in the stoi-
chiometric ratio under a nitrogen environment in the Glove box with

more than 2 ppm oxygen and moisture level in quartz tubes. Following
this, the sample tubes were deposited in a furnace after being sealed
under a high vacuum (10 Torr). With a 24-hour ramp-up, the furnace
temperature was maintained at 973 K for the next twenty-four hours.
The temperature was raised to 1073 K in a 24-hour ramp immediately
following the initial phase, annealed for three days, and then cooled to
room temperature. For phase analysis, the molten samples were reduced
to powder, subsequently pressed into rectangular pellets, and sintered at
973 K for 6 h to facilitate diverse transport investigations. Using the
Archimedes method, the pellets’ specific gravity was determined to be
95 %.

2.2. Characterization

The Powder X-ray diffraction techniques (Empyrean 3, PANalatycal
X-ray diffractometer) were employed to analyze the phase identification
of the synthesized BVS. The diffraction utilized Cu-Ko radiation with a
wavelength of 1.5406 A within the 20 range of 10°-90°, with a step size
of 0.005°. The GSAS-EXPGUI software was used to perform Rietveld
refinements on the XRD pattern. By employing scanning electron mi-
croscopy (SEM-EDS, Zeiss EVO 18 cryo-SEM, operating voltage of 15
kV), the composition and surface morphology were examined. High-
resolution transmission electron microscopy (HRTEM, FEI Tecnai F20,
operated at 300 kV) was utilized to validate the crystallinity and phase.
Thermal transport and magnetic transport experiments were carried out
utilizing the physical property measuring system’s (PPMS Dynacool,
Quantum Design, USA) thermal transport option (TTO) and electrical
transport option (ETO), respectively.

3. Results and discussion
3.1. Crystal structure and surface studies
The phase and purity of the synthesized samples were analyzed by X-

ray diffraction (XRD) measurements, Fig. 1 (a) shows the Rietveld
refined XRD data of the obtained material with a goodness of fit (y?) 2.2.
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Fig. 2. Scanning electron microscopy images of the pellet sample (a) on a 10 pm scale, (b) associated needle-shaped crystals on the surface of the sample (2 pm
scale), (c) needle-shaped crystals with nanometer diameter on a 200 nm scale, (d) EDS spectrum of the sample.
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Fig. 3. (a)-(d), Elemental mapping of the sample at a micrometre scale, constituent elements Ba, V, Se were mapped.

All diffraction peaks can be indexed into hexagonal crystal structure
[JCPDS no: 00-033-0186 ] with space group (p63/mmc having lattice
parameters a = b = 7.00067 A, and ¢ = 5.86133 A; o, p = 90°, and y =
120° The data indicated that the implementation of a novel thermal
treatment procedure aided the production of pure phase BaVSes, in
contrast to the previously documented method [31], which resulted in
the formation of BaVSes with BaSes impurities. The crystal structure of
hexagonal BaVSe;s is depicted in Fig. 1b. In this structure, the Ba atoms
are surrounded by 12 Se atoms, while the V atoms form face-shared VSeg
octahedra, as illustrated in Fig. lc. The material’s one-dimensional

nature arises from the presence of elongated chains of V atoms aligned
along the crystallographic c-axis (as shown in Fig. 1d). Each V atom is
surrounded by face-sharing Se octahedra [2532]. Typically, in BaVSes,
the intra-chain V-V distance is 2.9310 A and the inter-chain V-V distance
is 6.999 A [33], wheih ensures the structural unidimensionality and
weak van der Waal interactions [32,34]. The SEM analysis revealed a
highly compact and dense microstructure of the synthesized sample, as
depicted in Fig. 2(a)-(b). Fig. 2(c) displays the presence of needle-shaped
crystals between 100-200 nm in diameter. Kelber et al. [25] were the
first to report the synthesis and growth of needle-shaped crystals in
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1/10 nm (202)
201)

Fig. 4. (a)TEM image of the synthesized material, (b) & (c) the HRTEM images with crystal planes and the corresponding d spacing were marked, (d) SAED pattern of

the material.

BaVSes. This growth is attributed to the structure of the Q1D material.
Fig. 2d displays the EDS spectrum, indicating the weight and atomic
fraction of each element in the developed material that is redisplayed in
the figure inset. The local composition of the material aligns well with
the expected stoichiometry. Fig. 3a displays the mapping of the con-
stituent elements Ba, V, and Se. The distribution of all elements
appeared homogeneous. The microstructure and homogeneity of the
previously reported BVS: BS is presented in Fig. S1, revealing a similar

compact topography of the pellets and the presence of needle-shaped
crystals.

The transmission electron microscope was used to further examine
the nano/microstructure of the melted sample. Fig. 4a illustrates the
coexistence of nanostructures and microstructures. The material’s
polycrystalline nature was verified using HRTEM analysis (Fig. 4(b)—
(d)), and the identification of the planes was achieved by comparing
them with the d spacing obtained from the XRD data. The d-spacing of

@ s remoe | () g5 100 O¢
41 A ZFC_500 Oc A
S el &
ES- : F('_.Ivonll Oe -?. 0.0
i L d .
= - =-0.21
1
0 -0.44
0 50 100 150 200 0 5'0 1[']0 ]éﬂ 200
T(K
© " @ 1K)
~ 600 . FC_100 Oe 4 ——10K
E Linear fit — ——25K
> - ECIY B
2 4001 = —n-100 K
E E 0- WK
< = e Tk
2 200 =, :
K2y 3
) “ ‘R T3
Ob s0 100 150 200 -6 " waoo |
1 15 = T T T T T T +
T (K) -75-50-25 0 25 50 75

H (kOe)

Fig. 5. (a) Temperature-dependent ZFC and FC magnetization of BaVSes at different fields, (b) dM/dT versus T plot at an applied field of 100 Oe, (c) Linear fit on the
Curie-Weiss plot at 100 Oe, (d) M versus H at different temperatures (inset depicts the enlarged loop at 10 K and 25 K).
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Fig. 6. (a) Hysteresis loop at 50 K (inset of the figure shows the minute loop) (b) GP analysis by the linear fit on the CW plot at different fields (c) In(1/y) versus
In(T —TR) at different fields (d) Arott plot (M2 versus H/M) at 41 K, 43 K, 44 K and 50 K.

the planes in the sample was calculated with the help of GATAN mi-
croscopy suite software and the d-spacing of 0.29 nm and 0.21 nm was
corresponding to the planes (002) and (202) respectively. The ring
diffraction pattern in the selected area diffraction (SAED) was indexed to
the corresponding crystal planes of hexagonal BVS, From SAED, it was
observed that the present material has some randomly distributed
single-crystalline zones along with the utmost polycrystalline nature.

3.2. Magnetic properties

Our previous investigation explored the experimental and theoret-
ical magnetic characterizations of BaVSes with impurity phase. The
material exhibted FM to PM transition at 40.8 K, Griffith’s like phase and
cluster glass nature at extremely low temperature. The previous studies
on this material did not find any signature of these exotic magnetic
properties and our study on magnetic properties on this Q-1D BaVSes
highlights the unusual presence of these magnetic properties. The
temperature-dependent magnetization measurements were conducted
on the material in the absence of an external magnetic field (zero field
cooled, ZFC) and in the presence of a field (field cooled, FC) at various
field strengths (100 Oe, 500 Oe, 1000 Oe & 10,000 Oe). It was observed
that the material undergoes a transition from paramagnetic (PM) to
ferromagnetic (FM) behaviour at a critical temperature (T¢), as depicted
in Fig. 5a. The temperature T¢ may be determined by analyzing the dM/
dT vs T curve (Fig. 5b). For the synthesized BVS, T is measured to be
41.2 K, which is consistent with previous reports [25,35,36]. The
magnetization of the bifurcated ZFC-FC curve exhibits a rising tendency.
At extremely low temperatures, a distinct cusp is detected in the ZFC
curve, which serves as an indication of the glassy behaviour of magnetic
materials [36], a clear observation of bifurcation of ZFC-FC at 100 Oe is
depicted in Fig. S2. According to Zheng et al., the observable difference
between the zero field cooling (ZFC) and field cooling (FC) curves is
caused by the spin glass or cluster glass properties resulting from mag-
netic anisotropy or magnetic frustrations [37].

To gain a deeper comprehension of the magnetic properties of the
recently produced BVS, we have examined the Curie Weiss plot, which
represents the reciprocal of magnetic susceptibility (1/y) as a function of

temperature (T) [38]. The linear regression analysis (shown in Fig. 5c)
conducted on the PM region of the plot allows for the determination of
the Curie-Weiss temperature (0 = -yin¢/slope) and the effective magnetic
moment (Peff = 2.82\/ (1/slope)) [39]. The theoretical effective moment
can be determined using the formula peg = g\/ (S(S + 1), where g =2
represents the Lande factor. The calculated value of pegr is 1.73 pp. The
experimentally obtained values for 6 and pesg were 17.6 K and 1.74 pg,
respectively. The effective magnetic moment values closely correspond
to the predicted value, and the positive indication of the Curie-Weiss
temperature indicates the presence of ferromagnetic ordering in the
material at low temperatures. The M vs H graph (Fig. 5d), obtained by
varying the applied magnetic field from —9 T to 9 T, at various tem-
peratures both below and above T, provides more evidence supporting
the transition from PM to FM behaviour.

It was noted that this material exhibits a hysteresis loop even above
the critical temperature T¢, as seen in Fig. 6a and the inset shows an
enlarged view of the loop with extremely low coercivity. Additionally,
the magnetization curve only becomes fully linear at high temperatures.
The recent findings indicate that the presence of magnetic in-
homogeneity in the PM region of specific systems might be referred to as
the Griffiths phase (GP). Ghosh et al. state that GP can occur due to the
existence of finite-sized FM clusters in the PM matrix above T, as well as
phase separation and conflicting magnetic interactions within and be-
tween layers in the material [40]. The GP was defined within the tem-
perature range T¢ < T < Tg, with Tg representing the upper boundary of
this phase and referred to as the Griffiths temperature. BVS is classified
as a quasi-one-dimensional van der Waals material [41], and the pres-
ence of magnetic interaction between the layers can cause this com-
pound to exhibit inhomogeneity. The deviation observed in the 1/y vs T
plot at low fields, as indicated by the Curie-Weiss fit [42] provides
additional evidence supporting the existence of the GP phase. The
decrease in 1/y, as indicated by the deviation from a linear fit on the
Curie-Weiss law (Fig. 6b), suggests that the transition temperature (Tg)
for this material is approximately 117 K. Furthermore, this material
exhibits a GP phase within the temperature range of 17.6 K< T < 117 K,
which is distinct from both the PM and FM phases. We have previously
documented that the material BVS, even with the presence of a
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secondary phase, also demonstrates the GP phase within a similar
temperature range. This finding provides more evidence that the GP
phase is an inherent characteristic of BVS. It became apparent that when
the field was increased to 10,000 Oe, the decrease in 1/x could be at-
tributed to the masking of FM clusters by the PM matrix or the saturation
of the FM clusters at higher fields [43]. The power law at low temper-
atures is employed to analyze the Griffiths singularity, which is denoted
as [38]

1 1-2
ln(}—() = In(T - T%)

The susceptibility exponent A (0 < A < 1) represents the strength GP. A
value close to 1 indicates the presence of GP, whereas a value close to
0 corresponds to PM phase.TR is the critical temperature of random FM
clusters, at which the susceptibility tends to diverge and approximated

to © [43]. Fig. 6¢ shows the plot of In(T —TR) versus In G) at different

magnetic fields (100 Oe, 500 Oe, 1000 Oe, 10,000 Oe). The gradient of
the linearly fitted curve in the GP region yields a A value of 0.99, while
the linear fit in the PM region yields a X value of 0.01. This confirms the
GP behaviour of the synthesized material. Materials with GP do not
exhibit any long-range magnetic ordering above T¢ and do not display
spontaneous magnetization. This could be investigated by measuring M
(H) at different temperatures above and below T¢ The spontaneous
magnetization (M) can then be determined by performing a linear
regression on the Arott plot (M? vs H/M) [44]. The value of M is
determined by the intercept on the M2 axis obtained through extrapo-
lation of data from the strong magnetic field, which is illustrated in
Fig. 6d. The Arott plot has a positive y-intercept at a temperature (41 K)
below T¢ and a negative intercept on the M2 axis at temperatures above
Tc. This observation validates the absence of long-range order and the
zero M; [45]. The magnetic properties of these 1D spin chain materials
are determined by the disparity in the strength of inter-chain exchange
interaction and intra-chain coupling. The former is two to three orders of
magnitude more than the latter [46]. The unique magnetic properties
seen in ABX3 compounds can be attributed to the complex spin ar-
rangements resulting from frustrated antiferromagnetic interactions and
geometric magnetic frustration arising from the ordering of spin chains
in the triangular lattice [47].

The magnetic and electrical characteristics of BVS mostly depend on
the transition metal V. In octahedral coordination, the V 3d level splits
into eg and tyg multiplets [28]. The tyg energy levels are further split into
a lower doublet (dyy, d,%y) and a higher singlet (df) as a result of the
elongation of the VSeg octahedra along the crystallographic ¢ axis.
Within the V chains, the direct overlap of the closest d? orbitals results in
the formation of a broad conduction band. The adjacent lower doublets
indirectly overlap in the same direction, facilitated by the hybridization
with intervening Se 3p orbitals. The doublets can divide at lower tem-
peratures because of the orthorhombic distortion, which is referred to as
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the cooperative Jahn-Tellar distortion [48]. The material exhibits
structural disorder at low temperatures, which arises from the Jahn-
Teller distortion. This disorder is responsible for the emergence of the
GP phase and other unique magnetic properties [49]. The present
repeated study on the synthesis and magnetic characterization of BaVSes
reveals that the exhibited GP phase and glassy nature are its intrinsic
magnetic characteristics; it strengthens our previous results on this
particular material.

3.3. Magnetotransport studies

The magnetotransport studies of BVS were conducted using an
applied magnetic field of + 9 T across a temperature range of 3 K to 300
K. The magnetoresistance of a material is quantified by the equation MR
= [R(H) — R(0)]1/R(0), where R(H) and R (0) represent the resistance of
the material in the presence and absence of a magnetic field, respec-
tively [50].

Fig. 7a and 7b depict the longitudinal MR of the synthesized BaVSes
at various temperatures. BaVSes exhibits distinct magnetic behaviour
when the temperature is increased. At extremely low temperatures, the
material demonstrates a remarkable butterfly-shaped magnetoresis-
tance (BMR), it is commonly encountered in compounds exhibiting a
hysteresis loop. In this case, the MR exhibits two equal upward resis-
tance states, resulting in the formation of two crossing peaks at a mag-
netic field strength of 1 Tesla. Prior research indicates that the majority
of FM materials exhibit a BMR on a scale of 0.1 % [51]. In contrast, the
current material demonstrates a BMR on the scale of 0.6 % at 3 K, which
subsequently decreases with increasing temperature.The BMR is typi-
cally observed in materials having strong crystalline or magnetic
anisotropy at low temperatures. However, the specific cause of BMR can
differ between different materials, BMR is widely observed in longitu-
dinal resistance measurements and can be explained by Ohm’s law. The
longitudinal and transverse MR in a magnetic material is determined by
the magnetization in the x (M) and y (M,) directions. The current is
applied along the x-axis and transverse voltage is measured along the y
direction. The equation for the MR in amorphous or polycrystalline
magnetic material could be expressed as,

R.—R; + A;M? (longitudinal) (€]
and
R,, = R\M, + A MM, (transverse) ()

where Ry and A; are material parameters linked with the anomalous
Hall effect and anisotropic MR respectively [52]. In longitudinal MR the
quadratic term MJZC(H) (Eq. (1)) leads to two equal states of MR, the
switching between —Myo and My creates peaks and valleys, that result
in BMR. It is worth noting that there have been no previous reports on
the BMR in this van der Waals material BVS. Several studies have
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Fig. 8. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, (c) Power factor and (d) thermal conductivity of both BVS and BVS: BS.

examined the behaviour of the BMR in van der Waals materials. Ohta
et al. revealed that the observed BMR in the van der Waals FesGeTe; FM
material is caused by the interaction between magnons and electrons,
specifically due to magnetic fluctuations at the Fe(1) site at tempera-
tures around 100 K [51]. The atypical MR observed in van der Waals
Crl3 layers is triggered by the presence of strong or weak electron
scattering, leading to fluctuations in magnetization between neigh-
bouring layers [53]. The presence of the BMR in the triangular lattice
of AFM AgyCrO, is observable exclusively when a magnetic field is
applied parallel to the c-axis that arises from the pronounced uniaxial
anisotropy [54]. Herak et al. conducted the initial investigation of the
magnetic anisotropy in BVS and its corresponding uniaxial symmetry in
the FM state [36]. The longitudinal MR studies revealed that as the
temperature increases, BVS undergoes a transformation from a spin
valve-like BMR to a negative MR at 11 K. The MR investigations con-
ducted on individual crystals of BVS demonstrate a shift in the MR
behaviour throughout the temperature range of 8 K to 15 K [55].This
change to negative MR is illustrated in Fig. S3 and Fig. 7b. At low
temperatures, FM metals exhibit a negative MR due to electron-spin
scattering. The applied magnetic field strengthens the effective field
acting on the localized spins, which suppresses spin fluctuations and
consequently reduces the material’s resistivity [55,56]. At normal
temperatures, the magnetism weakens and shows a positive MR due to
the dominance of orbital effects [57].The Fig. S4 shows the MR in
transverse mode and it confirms the absence of BMR in the material for
transverse measurement.The significant BMR seen in these layered
chalcogenides is a result of the inherent magnetic interaction between
the Eg and Ajg electrons, as well as the crystallographic characteristics.
The layered structure also enables the spin valve like mechanism in this
compound, the V-Se chains are separated by the Ba atoms and this
arrangement replicates the intrinsic spin valve like structure. The
switching of magnetization between these layers contributes to BMR
[58]. The strong in-plane anisotropy in quasi one dimensional chalco-
genides has strong influence on various properties that includes elec-
trical, magnetic and optical [59]. The strong in- plane anisotropy due to
the VSeg along c-axis also contributes to this MR. The strong magnetic
anisotropy in BaVSes can be confirmed from the bifurcation in ZFC-FC
curve [60].The origin of BMR in materials like layered chalcogenides

and Q1D materials is an area of active research.The spin valve like MR
[61] has potential applications in magnetic memory devices.

3.4. Thermoelectric studies

The efficiency of a thermoelectric material is determined in terms of
the dimensionless figure of merit (ZT), ZT = S%6T/ (k. + kp), where a is
the Seebeck coefficient, ¢ is the electrical conductivity, T is the absolute
temperature, k. is the electronic thermal conductivity and k; is the lattice
thermal conductivity of the material [3]. We investigated the thermo-
electric properties of two samples: phase pure BVS and a previously
reported BVS: BS (impurity phase) [31]. The purpose of our investiga-
tion was to gain a better understanding of the influence of impurities
on thermoelectric capabilities. The temperature-dependent electrical
conductivity of the material was measured between 8 K to 350 K tem-
perature ranges as shown in Fig. 8a. The two materials exhibited entirely
different electrical responses to the temperature variations. The elec-
trical conductivity of BVS demonstrates the characteristics of a degen-
erate semiconductor while the material BVS: BS has normal
semiconductor properties. The resistivity curve of the phase pure ma-
terial closely resembles that of the BaVSes single crystals described by
Akarp et al. [55] and its order of magnitude was one-order less. We
noted that the presence of impurity yielded 10-fold lower electrical
conductivity in BVS: BS compared to BVS. Grieger et al [62] reports that
the electronic structure of BaVSes is contributed by V** valence,
considered as a 3d' compound. It contains Aqg-like orbital pointing
along the V chain direction as well as two Eg-like orbitals pointing in
between the neighboring Se ions and three band model is introduced for
the explanation of the electronic properties of this material [62].

The scattering of electrons at the interfaces and defects disrupt the
pathway for electron conduction [63], which consequently leads to a
decrease in electrical conductivity in BVS: BS [64]. Both materials have
a negative Seebeck coefficient, indicating n-type conduction that in-
creases with temperature (Fig. 8b). The near room temperature Seebeck
coefficient of BVS and BVS: BS was measured as —35 and —14 pW/mK>
respectively. A similar trend in « is observed for both materials resem-
bling the single crystal behaviour. The low-temperature peak at 20 K can
be attributed to the combined effects of phonon drag and magnon
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Table 1
Experimentally obtained room temperature values of n, p and m*of the
materials.

n (/em®) j (em?/V.s) m* (mo)
BVS 108 470 0.001
BVS: BS 107 55.3 0.0001

contribution [65]. The decrease of the Seebeck coefficient in semi-
conducting materials can be associated with the generation of minority
carriers at higher temperatures [66]. In BVS the electrical conductivity
and Seebeck coefficient follow the general inverse trend and where as in
BVS: BS, the presence of a secondary phase disturbs this trend. Table 1
shows the calculated values of carrier concentration mobility and
effective mass of the samples at room temperature, the effective mass is
calculated by using the Mott equation.

The Seebeck coefficient and the carrier concentration of metals and
degenerate semiconductors could be linked by the Mott equation [67],

8 kT

T 23
=7 "G, 3

where n is the carrier concentration, kg is the Boltzmann constant, e is
the electronic charge, h is the Planck constant and m* is the density of
state effective mass. An increase in the energy dependence of either p(E)
or n(E) can improve the Seebeck coefficient of a material. A higher value
of p(E) corresponds to a distinct electron scattering mechanism, while a
higher value of n(E) can be achieved by manipulating the density of
states [68]. The Mott equation reveals that the effective mass of BVS at
room temperature is larger than that of BVS: BS. This difference in
effective mass is responsible for the increase in thermopower.

The power factor (PF = Szc) of the materials was determined from
the measured ¢ and S values and plotted against temperature in Fig. 8c.
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A peak PF of 92 pW/mK? at 335 K was obtained for BVS, surpassing the
equivalent BVS: BS values by a significant margin (5.81 pW/mK>2).
Fig. 8d displays the total thermal conductivity vs temperature graph.
The materials exhibit distinct thermal conductivity characteristics at
extremely low temperatures. The total thermal conductivity is expressed
as,

k =k, +k, @

where the lattice thermal conductivity is denoted by k;,, while k. is the
electronic contribution. The electronic thermal conductivity can be
determined by employing the Wiedemann-Franz law (k. = Lo T, where L
is the Lorenz number). In a degenerate semiconductor, the relationship
between L and the Seebeck coefficient is given by the equation L = 1.5 +
(|a|/116) [69], where L is in 10® WQ/K? and S is in pV/K. The
temperature-dependent variations in L are shown in Fig. 9a for both
materials. The Lorenz number [70] decreases as the temperature in-
creases, and the BVS: BS material exhibits a greater L value. The thermal
current in thermoelectric materials can be reduced by the phonon-
mediated process, electron—electron scattering, and inelastic electro-
n-phonon scattering [71]. Fig. 9b depicts the computed electronic
thermal conductivity, with the dominant contribution to thermal con-
ductivity originating from the phonons (Fig. 9¢). At extremely low
temperatures (<80 K), BVS exhibited a T®> dependence on thermal
conductivity, which subsequently increases with temperature as a result
of phonon generation. The T dependence on k originates from the heat
capacity of the phonons [72] and the dominant boundary scattering
[73]. In general, the reduction in thermal conductivity of a material is
associated with the impurities or imperfections in the crystal structure
[74].

The presence of lattice defects and secondary phase in BVS: BS
significantly reduces the overall thermal conductivity compared to BVS
due to phonon scattering. The presence of a chain-like structure in the

(b) 0.254

~4~ BVS-BS
= BVS

300

200
T (K)

Fig. 9. (a) Temperature dependence of Lorenz number, (b) electronic thermal conductivity, (c) lattice thermal conductivity and (d) thermoelectric figure of merit of

the samples.
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layered TMCs increases the thermal conductivity [75] whereas the ex-
istence of an impurity phase may affect the Q1D characteristics of BVS.
The thermoelectric figure of merit of the materials was determined
based on the measured values of o, k, and S. Fig. 9d illustrates the
changes in the thermoelectric figure of merit (ZT) that increased with
temperature for both materials. The phase pure BVS exhibits ZT values
about four times higher than that of BVS: BS.

4. Conclusion

A novel solid-state method was used to synthesize quasi-one-
dimensional and phase-pure BVS. The synthesized material displayed
a hexagonal crystal structure with the p63/mmc space group. The uni-
dimensionality resulted from the V chains being arranged in a long chain
formation along the crystallographic c-axis. The magnetic and thermo-
electric properties of pure BVS and the previously described BVS: BS
compound were studied to reveal the basic mechanism of a couples
thermal and electrical transport. Based on the thorough examination of
the magnetic data, it has been shown that this material undergoes a
transition from a ferromagnetic to a paramagnetic state at a temperature
of ~ 41 K. The observed PM magnetic moment of 1.74 pp closely
matches the calculated value of 1.73 pp. BVS exhibits unique magnetic
characteristics such as a glassy behaviour, a Griffiths-like phase, and
butterfly magnetoresistance at low temperatures, similar to BVS: BS,
demonstrating that BVS possesses inherent magnetic properties that
arise from its quasi-one-dimensional form and the robust interaction
between the electrons in the Eg and A, energy levels. The thermoelec-
tric investigations validated that electrons were the predominant charge
carriers in both materials. However, the higher thermopower in the
pure-phase BVS can be attributed to the higher effective mass of the
carriers. Additionally, thermal transport is mostly governed by phonons.
BVS demonstrated a maximum ZT value of 0.008, which is fourfold
greater than that of BVS.
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In recent times, considerable attention has been given to examining the impact of micro/nanostructure on
the thermoelectric characteristics of nonstoichiometric AgSbTe,. The present investigation employed direct
melting of elements that produced p-type AgSbTe, with spontaneous nanostructuring due to cation
ordering. The product predominantly features an Ag-deficient Agggz7Sb107T€2005 Phase with monoclinic
Ag,Te nanoprecipitates and exhibits a degenerate semiconductor-like behavior with an energy band gap of
0.15 eV. A Seebeck coefficient of 251 pV K™ and a power factor of 741 pW m™' K~2 at near ambient
temperature are attained with this composition. The variable range hopping (VRH) and linear
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Accepted 11th May 2024 localized states. The composition also exhibited glass like thermal conductivity of 0.2 W m~! K™ arising

from phonon scattering at all-scale hierarchical structures that led to a high ZT of 1.1 at room temperature.
The direct melted ingots show a high relative density of ~97%, Vickers hardness H, of ~108.5 kgf mm™2,

and excellent thermal stability, making them an attractive choice for TEGs.

DOI: 10.1039/d4cp01171f

rsc.li/pccp

Published on 15 May 2024. Downloaded by Regional Research Laboratory (RRL_Tvm) on 6/10/2024 10:29:06 AM.

1. Introduction

As the demand for energy continues to grow, it is becoming
increasingly important to find ways to use energy more effi-
ciently and to transition to cleaner, more sustainable sources of
energy. The way we use energy has significant implications for
our environment, economy, and society. Fossil fuels, which
currently provide the majority of the world’s energy, are finite
resources that are becoming more difficult and expensive to
extract. Renewable energy resources are promising alternatives
to fossil fuels, and they do not emit greenhouse gases during
operation. Thermoelectric materials find applications in the
area of new energy resources; they have the ability to convert
waste heat energy into useful electrical energy by using thermo-
electric materials.'™ Nowadays, thermoelectric devices play
a crucial role in the fields of electricity generation and
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refrigeration. The efficiency of a thermoelectric material is
expressed through the dimensional figure of merit ZT = S’¢T/
k, where S, g, T, and k are the Seebeck coefficient, electrical
conductivity, absolute temperature, and thermal conductivity,
respectively.” The optimization of these parameters S, ¢, and k
is achieved through band engineering, defect mechanisms, and
optimizing the carrier concentration, mobility, and scattering
mechanisms within the material.>® There is a recent trend in
the search for silver-based chalcogenides as promising candi-
dates for thermoelectric applications. Binary and ternary silver
chalcogenides have emerged as efficient thermoelectric materi-
als for near room temperature applications.”° It was observed
that various mechanisms, like doping, alloying, site defects,
vacancies, nano-precipitates, dislocations, interfaces, and com-
posite formation with other materials, enhance the thermo-
electric properties of silver-based chalcogenides."'™* On
comparing with conventional thermoelectric materials, these
have glass-like thermal conductivity due to the strong bond
anharmonicity and the enhanced phonon scattering at the
nanostructures within the material.">™*®* Among the ternary
silver chalcogenides, metastable AgSbTe, was found to be of
considerable interest due to its attractive structural and trans-
port properties. Despite having a simple chemical formula
(Ag;Sb;Te,) this material has complex variations in stoichio-
metry and crystal structure.'® This ternary chalcoantimonate
AgSbTe, generally crystallizes in a cubic rock salt structure with
space group Fm3m, where Ag/Sb/vacancies randomly occupy
Wyckoff position 4a (0.5, 0.5, 0.5) while Te atoms randomly
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occupy Wyckoff position 4b (0, 0, 0).® The thermodynamic
stability of AgSbTe, still exists as a challenging matter, and
based on the pseudo-binary phase diagram®® of xAg,Te—(1 — x)
Sb,Te; with x = 0.5 being the stoichiometric §-AgSbTe,. It is
experimentally observed that the & phase of AgSbTe, has off
stoichiometry and is expressed as Ag,Te(;_x)2-SbaTes(11x)2 =
Ag;_,Sbi.,Tey., and the only stable ternary phase is with x
having a range of values of 0.06-0.28.>"*> From the detailed
investigation of the pseudo binary phase diagrams of Ag,Te and
Sb,Te;, it was witnessed that the exact nominal composition of
thermodynamically stable AgSbTe, is nonexistent.'® This meta-
stable state normally decomposes into Ag,Te and Sb,Te; below
633 K, and the precipitates of Ag,Te or Sb,Te; along with
stoichiometric AgSbTe, are due to the equivalence of their
formation energies.>*** Continuous research on this specific
material concluded that metastable cubic 6 phase can be found
at room temperature,® and Sugar et al. report that the single
phase of AgSbTe, exists in a wide range of stoichiometries.>>>°
Doping at various sites like Sb or Te is considered as one of the
adopted strategies for the control of secondary phase Ag,Te,
and the doping of Zn,>” Cd®® at the Sb site and Se at the Te
site*® reduced the Ag,Te impurity phase generation. From the
current research on this metastable material, it was found that
various stoichiometry results in different thermoelectric prop-
erties and achieving a stable AgSbTe, is still a tough task for
practical applications.® The presence of these secondary phases
influences the thermal and electrical transport properties of the
material in an observable manner.'® The previous studies out-
line the outstanding thermoelectric properties and diverse
characteristics of the metastable compound AgSbTe,. It was
found that nonstoichiometric AgSbTe, displays high figure of
merit in the temperature range 500-800 K and the majority of
studies highlight the high temperature TE properties of this
compound." The doping or induced vacancy at various sites of
AgSbTe, enhances the ZT and a few compositions display high
ZT near room temperature. Here the present study primarily
investigates the low temperature transport properties of the
nonstoichiometric AgSbTe, with spontaneous nanostructures
of Ag,Te. The thermal and mechanical stability of the present
material is comparatively higher with respect to other chalco-
genides. Moreover, the glass like thermal conductivity contrib-
uted to a high ZT value of 1.1 for Ag.g:7Sb1.07T€5.005 at room
temperature. This study may validate the TE properties of
previously reported metastable compound AgSbTe,.

2. Experimental details
2.1 Material synthesis and characterization

AgSbTe, compounds were synthesized from high-purity ele-
ments Ag (99.99%, Alfa Aesar), Sb (99.99%, Alfa Aesar), and
Te (99.99%, Alfa Aesar) through direct melting. The elements
were weighed according to stoichiometry and loaded into the
quartz tube under vacuum (10~ mbar). The sealed ampoules
were first heated at 1073 K for 10 h and the obtained ingot was
further heat treated at 773 K for 72 h, then cooled to room
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temperature over 24 h. The heat treatment resulted in high-
density dark silvery-shaded metallic ingots. A part of the sample
was ground for structure and morphology analysis; rectangular
samples were cut and polished into a dimension of 10 mm X
3 mm x 2 mm for various transport measurements. The
characterization techniques are included in the ESL¥

3. Results and discussion

The phase purity of the synthesized sample was analyzed by
powder X-ray diffraction. The strong reflections were indexed to
the cubic rock salt structure of AgSbTe, (a = 6.06 A) having space
group Fm3m'® and the weak secondary phase with Ag,Te mono-
clinic phase® (a = 8.09 A, b = 4.48 A, ¢ = 8.96 A). Fig. 1 shows the
Rietveld-refined (GSAS 2 software) XRD data of the sample with a
goodness of fit of 1.8; the obtained phase fraction of AgSbTe, is
95% and Ag,Te is 5%. This confirms that the primary phase of the
synthesized material at room temperature is AgSbTe,, and the
formation of the secondary phase is due to the slight energy
difference between the meta stable § phase and the Ag,Te/Sb,Te;
mixture.” Fig. 1b shows the crystal structure of the face centered
cubic AgSbTe, with Ag* and Sb*" cations randomly occupied
at the fcc cationic sublattice, while Te*~ was at the anionic
sublattice.***' Roychowdhury et al report that AgSbTe, is a
disordered material having two types of disorder that originate
from the formation of impurity phases, Ag,Te/Sb,Te; and Ag/Sb
cation disorder.>®

The chemical composition and valence states of the consti-
tuent elements of the sample were analyzed from XPS spectra.
Fig. 2a shows the survey spectrum of the sample and confirms
the presence of corresponding constituent elements. The oxida-
tion states of the elements Ag, Sb, and Te were studied from
their 3d core-level spectra. The strong doublet peaks (Fig. 2b)
fitted for Ag at binding energies of 368.3 eV and 374.3 eV
correspond to Ag 3ds/, and Ag 3ds),, respectively, and the spin-
orbit splitting of Ag is 6 eV with Ag" oxidation state.?” The peaks
at 368.32 eV and 374.36 eV correspond to the Ag-Ag bonds.>
Fig. 1d shows the Sb 3d spectrum, the doublets at 530.46 eV
and 539.82 eV*? are associated with 3ds/, and 3d,,, of Sb, and
the corresponding spin-orbit splitting energy of 9.3 eV con-
firms the Sb** oxidation state. The presence of peaks at 528.9 eV
and 540 eV corresponds to the Sb®** and Sb>" oxidation state;
the O1s peak at binding energy 531.5 €V may be accompanied
by the presence of Sb,Os due to the surface oxidation of the
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Fig. 1 (a) Powder X-ray diffraction pattern of the as-synthesized sample;
(b) crystal structure of AgSbTe, from VESTA.
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Fig. 2 XPS spectra of the as-synthesized sample: (a) survey spectrum and
(b)—(d) high-resolution spectra of Ag, Sb, and Te, respectively.

material.** The Te 3d spectra contain four sub-peaks; two of
them centered at approximately 572.36 eV and 582.94 eV
correspond to 3ds/, and 3ds, of Te>”, and the other two peaks
are associated with the Te-Te bonds** of minor-phase mono-
clinic Ag,Te.

The microstructure composition and the surface morphol-
ogy of the sample were investigated through EDX and SEM.
Fig. 3a-d shows the morphology of the samples at different
scales. The density of the synthesized ingots was measured by
the Archimedes principle and found to exhibit a density ~97%

Ji m Welght*s  Atomic%
(f) [Aei REED 2: A3
27.84

Fig. 3 (a)-(d) SEM micrographs of the sample at different scale bars; (e)
and (f) SEM-EDX of the sample.
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of the theoretical crystallographic density (7.16 g cm ). It was
found that direct melted samples exhibit high relative density
without the aid of densification techniques such as spark plasma
sintering and hot pressing at elevated temperatures."* The com-
pactness of the material was further confirmed through SEM
analysis; Fig. 3a-c shows the microstructure of the samples with
compacted sheet-like structures. Fig. 3d clearly reveals that micro-
and nano-sized particles randomly arranged on the plate-like
structures of the direct-melted sample. The local composition of
the synthesized sample was determined through EDX analysis at
different regions of the material under study. Fig. 3b shows the
EDX spectrum,; the corresponding weight percentage and atomic
percentage of each element were also marked. Table S1 (ESIT)
compares the actual weight percentage calculated from its stoi-
chiometric composition with the average weight percentage
obtained from the SEM-EDX analysis. The microstructure compo-
sition was obtained as Agy 9,75b1.07T€5.005, and it confirms an off-
stoichiometry from the actual composition with x ~ 0.07.>*
Lee et al. report that the § phase was identified as Ag deficient
and Sb rich, with composition inhomogeneity generated due
to the formation of Ag,Te within or near the cubic phase
from excess Ag,*> and here the monoclinic Ag,Te?® results in
off-stoichiometry. Wyzga et al.>* reported this material with a
composition Agp.94Sb1.06T€5.06, Which was associated with
Ag,Te inclusions and the present synthesized material has a
stoichiometry very close to that of the above-mentioned one
(Table 1).

Various micro structures like plates, and triangular-shaped
sheets (Fig. 4a and b) were further confirmed through the TEM
analysis. Fig. 4c shows the TEM-SAED pattern of the material, and
the planes exactly match the cubic phase of AgSbTe,. Clear
evidence of nanoprecipitates in off-stoichiometric cubic AgSbTe,
was found in both low- and high- resolution TEM images and is
shown in Fig. 4d and e of Fig. 4. The nanostructures in AgSbTe,
emerged from the ordering of the cations (Ag"/Sb*) into nano-
scale domains,*”*® and previous studies reveal that AgSbTe, exists
with secondary phases such as Ag,Te, Sb,Te;, or Ag-Sb rich nano
dots. The nanoscale continuous precipitates of Ag,Te can be
observed within the Ag-deficient region of AgSbTe,*” and conven-
tional melted or hot-pressed samples exhibit white and dark
nanodots of Ag,Te and Sb-rich regions (Sb,Tes), respectively.”®>>
The EDX composition confirms the Ag-deficient nature of the
synthesized material; and the observed nano dots can be marked
as the secondary phase Ag,Te. Fig. 4f shows the calculated d spacing
of the planes in the nanodots; d spacings of 0.22 nm and 0.11 nm
correspond to the planes (112) and (314) of the monoclinic Ag,Te.**
These nanostructures can modulate various electronic and thermal
transport properties in the material. Fig. 4¢ shows the TEM-EDS

Table 1 Elemental weight percentage of AgSbTe, calculated and
obtained from SEM-EDX

Element Actual weight (%) Average weight (%)
Ag 22.24 20.61
Sb 25.11 26.86
Te 52.63 52.76
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Fig. 4 (a) and (b) TEM images of AgSbTe,, and (c

) SAED pattern of the material under study; (d) and (e
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(200)

51/nm

(222)

) observed nanostructures in AgSbTe,, (f) HRTEM

image of the sample confirming the Ag,Te monoclinic phase, and (g) TEM-EDS elemental mapping of the material.

elemental mapping of the powdered sample, and it confirms the
uniform distribution of all three constituent elements Ag, Sb and Te
throughout the material on a micrometer scale.

The temperature-dependent electrical and thermal transport
properties were carried out over the temperature range of 6 K to
300 K and are shown in Fig. 5a-d. Fig. 5a shows the tempera-
ture dependent resistivity data, and Fig. S1 (ESIt) depicts
the normalized resistivity data p(T)/p(T) versus temperature.
The resistivity curve has a minimum around a particular tem-
perature T,, ~ 95 K, and this minimum temperature indicates the
transition from a normal semiconductor®® to a heavily doped
semiconductor or metal-like material. At low temperatures, the
minimum resistivity in disordered materials arises due to the
competition between the weak localization of electronic states and
disorder-enhanced electron-electron interaction. It was reported
that pristine AgSbTe, has a T;, ~ 61 K, and the increase in this
minimum temperature is a measure of disorder in this material,”®
which indicates that the enhanced disorder is due to the emerged
localized states. On further increasing the temperature to 300 K,
the material exhibits a heavily doped semiconducting nature with
low electrical conductivity. The low-temperature electrical trans-
port properties of the disordered semiconductors can be
explained by the variable range hopping model (VRH)***° and
Mott found that at low temperatures the most probable transport
process would not be the nearest neighbour hopping.*! Mott’s
variable range hopping mechanism establishes the hopping con-
duction between localized states with energies concentrated
within a narrow band (~kg7) in the vicinity of the Fermi level
(Ep) at relatively low temperature.** The hopping mechanism is
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Fig. 5 (a) Temperature dependence of electrical conductivity; (b) VRH fit
on electrical conductivity versus T data; (c) temperature dependence of
Seebeck coefficient; (d) VRH fit on the S versus T data.

associated with both thermally activated hopping over a potential
barrier and phonon-assisted quantum mechanical hopping
between the states.** According to the VRH model, the tempera-
ture dependence of electrical conductivity is expressed as g oc
exp[—(To/T)°], with S = 1/(1 + d), where d is the dimensionality of
the system and Ty is the characteristic hopping temperature.**
The linear dependence of logarithmic ¢ on T-* is shown
in Fig. 5b, and it was observed that the off-stoichiometric AgSbTe,
exhibits VRH conduction in a temperature range of 13 K < T' <
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84 K. Hatayama et al. pointed out that local structural defects due
to the nanoclusters,” small grain boundaries’® and dangling
bonds®” can generate localized states within the band gap. Here,
the disorder and inhomogeneity stem from the Ag,Te nanostruc-
tures that create a structural difference from the actual one and
lead to the dangling bonds.

Fig. 5c shows that the Seebeck coefficient increases with
temperature and is positive over the entire range of tempera-
tures. The positive value of S indicates that holes are the
majority charge carriers, and according to the previous reports,
the p-type carriers are generated due to the Ag vacancies.'®*®
Most of the studies report that the ternary chalcogenide AgSbTe,
has a high § value in the range of 220-300 uv K. It is further
enhanced through doping at various sites'®***° and in the
present study, the material attains a maximum value of thermo-
power around 251 pV K~ at room temperature. According to the
VRH hopping model, the Seebeck coefficient follows the relation
S ~ TU=VE) where d is the dimensionality of the system.®!
Fig. 5d validates the S versus T"? relation: when the temperature
approaches zero, S fits with 72 and S — 0 as T — 0°>% and it
demonstrates that large S at the low temperature range is due to
the hopping of holes.*** The enhancement of the Seebeck
coefficient in thermoelectric materials includes band engineer-
ing through lowering carrier concentration (n), enhancing effec-
tive mass, the energy filtering effect, and increasing scattering
parameters.>' Roychaowdhury et al. report that the high density
of states effective mass can contribute to the high Seebeck
coefficient,”” and that comes from the increase in density of
states around the Fermi level. Hoang et al found that the
enhanced S value in AgSbTe, is due to the existence of the
flat and multivalley valence band.>®> The cation disorder in
Ag-Sb-Te-based materials has a vital role in transport properties
due to the creation of localized electronic states near the Fermi
level. In these disordered materials, the mobility edge separates
the localized states from the extended states. When the mobility
edge comes near the Fermi level, it results in a distortion in the
electronic density of states, which enhances the Seebeck
coefficient.”® The Seebeck coefficient of the degenerate semi-
conductor or metal can be expressed by the Mott formula®”

Smkg?T  m?/3
= m—
3eh? 3n

where 7 is the carrier concentration, kg is the Boltzmann con-
stant, e is the electronic charge, # is the Planck constant, and m*
is the density of states effective mass. This shows that S is
inversely proportional to the carrier concentration, and directly
depends on the effective mass, and for a particular carrier
concentration the Seebeck coefficient can increase with the
scattering factor.”® The presence of nanopores and nanograins
in the matrix may enhance the scattering mechanism.*® The
carrier concentration (1) and carrier mobility (¢) were estimated
from the Hall effect measurements at room temperature, and the
positive slope of p., versus H further confirms the p-type carriers.
The effective mass was calculated from the experimentally
measured S and n, and the obtained S, n, u, and m* values are
tabulated in Table 2. It was found that the material has an
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Table 2 Obtained values of n, u, and m* from Hall effect measurement
and Mott equation

T (K) S (VK™ n (ecm?®) p(em?>v7's m*/mg

300 K 251 2.5 x 10*° 29.70 1.1

optimized carrier concentration that is required for a promising
thermoelectric material.

A peak in the temperature-dependent thermopower was
observed in thermoelectric materials with bipolar conduction
mechanisms.®”®' Goldsmid and Sharp formulated an analytical
expression Eg = 2eSmaxImax ON the basis of bipolar conduction,
which connects the parameters band gap (E,), maximum thermo-
power |Spax| and maximum temperature Ty,x, where Thy is the
temperature at which the thermopower attains a maximum
6263 The presence of minority charge carriers results in a
variation in the trend of the Seebeck coefficient with increasing
temperature, and the total Seebeck coefficient is the collective
contribution from both charge carriers.®® At low temperatures, the
minority charge carriers will not contribute much to the Seebeck
coefficient. The increase in temperature results in the broadening
of the Fermi distribution, which enhances the electrical conduc-
tivity due to the minority carriers and reduces the Seebeck
coefficient. In p type materials, the generation of electrons at
high temperatures results in a peak in the thermopower, and this
is the simplest way to obtain the energy gap of the material from
the temperature-dependent § data.®™®® The variation of the
Seebeck coefficient with temperature from 6 K to 800 K is shown
in S2 (ESIt), and the S;,,ax was obtained from the peak of the curve.
It was found that the material exhibits an energy gap of ~0.15 eV
at a maximum temperature 300 K, and AgSbTe, is widely accepted
as a narrow band gap semiconductor.*® Hoang et al. estimated the
E, at high temperatures from electrical conductivity measure-
ments as 0.1 eV.>® The dependence of p(H) and p(T) on VRH
conductivity can be expressed in a single relation.*

i@ ()

is the ratio of electrical resistivity at magnetic field to

value.

p(H)
p(0)
zero field, ¢, is a constant equal to 5/2016, a is the localization
radius of the electron, Ly; = (ch/2neH)"?, and ¢ is the speed of light.

Linear magnetoresistance (LMR) is another interesting elec-
tronic property witnessed in inhomogeneous and disordered
semiconductors.®**® Xu et al. found for the first time that
nonmagnetic silver selenides and tellurides exhibit an unusual
increase in resistance to magnetic fields and they show an
unsaturating nature even at higher fields.®” In inhomogeneous
conductors, the LMR originates from the variation in the
current path generated by the macroscopic spatial fluctuations
of carrier mobility induced by the variation in material density
and thickness.®”"®® The transverse magnetoresistance (applied
magnetic field perpendicular to the current direction in the
material) measurements were carried out up to 70 kOe at lower
temperatures (5 K and 100 K). Fig. 6a establishes clear evidence

where
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Fig. 6 (a) Magnetoresistance versus magnetic field plot; (b) linear fit on
Inp (H)/p(0) versus H?, schematic representation of the (c) VRH mecha-
nism, and (d) PF versus T plot.

of unsaturating LMR in this disordered material, and it exhibits
a high MR of 40% at 100 K. The semiconductors with VRH
conductivity obey the linear dependence of In(p(H))/(p(0))
with H? and are confirmed for 100 K in Fig. 6b and ¢ depicts
the schematic representation of the VRH mechanism. Fig. 6d
represents the calculated temperature-dependent power factor
(8%6)*” of Agy.027Sb1.07T€s 005 from the measured S and o. It was
observed that this particular composition has a power factor of
747 yW m~ ' K2 near room temperature, and it comes from the
Seebeck value.

For metals (degenerate limit), the Lorenz number (L) is
approximated as 2.44 x 10°® W Q K2, and in degenerate
semiconductors, the approximate value of L is calculated from the
expression® L = 1.5 + exp(—|S|/116), where L is in 10 * W Q K>
and S is the Seebeck coefficient in pv K. Fig. 7(a) and (b) show
the variation of L with both the Seebeck coefficient and
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Fig. 7 (a) Calculated Lorenz number from S; (b) variation of L with T;
variation of (c) electronic thermal conductivity with T; (d) total and lattice
thermal conductivity with T.
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temperature; it decreases with increasing temperature due to
various scattering, such as acoustic phonon scattering.**’® The
total thermal conductivity of a material is the sum of its electronic
thermal conductivity (k.) and lattice thermal conductivity (k;). The
electronic part of the thermal conductivity (k.) can be obtained
with the help of the Wiedemann-Franz law (k. = LoT) and Fig. 7¢
shows the temperature dependent k.. The variation of total and
lattice thermal conductivity of the sample is shown in Fig. 7d, and
it is found that the major part of the thermal conductivity comes
from the lattice contribution. At low temperatures, the material
has a 7°>-dependent thermal conductivity and attains a maximum
of 0.5 W m™" K" at 40 K, then decreases with increasing
temperature due to the dominant phonon scattering.’® At
room temperature, the total thermal conductivity of the material
reduces to a glass-like thermal conductivity of 0.2 W m™* K *.7%72
The ternary chalcogenide AgSbTe, is commonly reported with a
thermal conductivity of 0.6-0.7 W m~* K *,”* and Ag vacancy
controlled Ag,sSbTe, exhibits room temperature thermal con-
ductivity of 0.33 W m ™" K 1%

The low thermal conductivity of AgSbTe,-based materials was
associated with phonon scattering at the structural disorder,
point defects, nano inclusions, and strong lattice anharmonicity.
The combination of crystalline, amorphous regions, and disloca-
tions were clearly noticeable in the high magnification TEM
images of the sample in a and b of Fig. 8. The boundaries were
marked between the interphase of the crystalline and amor-
phous regions, and the dislocations were evidently visible in the
Inverse Fast Fourier Transform (IFFT) of HRTEM images. Fig. 8c
confines various parameters that contribute to the phonon
scattering in this material and concludes that the phonons
encounter scattering at various interphases that include nanos-
tructures, defects, dislocations, and boundaries.”*”®

In the cubic rock salt crystal structure of nominal AgSbTe,,
the disordered distribution of Ag" and Sb*" between the closely

e
i .u' ||'|'|Ha[ il

h“—
-)(. ....K...,,
y

Lone pair nfrlu:ln:m
l'nlnrm\ulml hond

i i sl

Lattice anharmonicity

Fig. 8 HRTEM images of the sample (a), amorphous, crystalline regions
and dislocations; (b) IFFT of the HRTEM images clearly showing the lattice
dislocations; (c) schematic representation of the phonon scattering
mechanisms; and (d) 1D ball and spring model for phonon—phonon
interaction.
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packed layers of Te ions contributes to the lattice
anharmonicity.”®”” Normally in the class of I-V-VI, (chalcoan-

timonates) materials, the nonbonding of the external s and a
part of the p electrons forms a shell of large radius, which leads
to anharmonicity bonds in these compositions.”® Fig. 8d shows
the proposed schematic representation of the 1D ball and
spring model for phonon-phonon interaction with the bonding
of Sb-Te.”” In AgSbTe,, the Sb has a valence configuration of
5s% 5p°, Sb*" results in a lone pair of electrons (5s7), and the p
electrons of Sb and Te form a polar covalent bond and separately
form the band. The competition between covalent bonding and
lone pair repulsion results in the anharmonicity in lattice vibra-
tions of these materials.”” Tan et al. report that the overlapping of
wave functions of the lone pair of electrons and the nearby valence
electrons leads to the nonlinear repulsive electrostatic force.”® The
occupancy of chemically dissimilar atoms at the same crystal-
lographic site generates distortion in the structure, and the
differences in the local force constants of Ag" and Sb*" induce
phonon scattering in AgSbTe,.”*** The spontaneous nanostruc-
tures, due to the cationic ordering, can scatter the phonons
effectively®’ and the spontaneous nanostructures in the present
material were confirmed through TEM analysis, which scatters
the phonons and reduces the lattice thermal conductivity remark-
ably. A comparison study with the reported literature!*2836:3976:81
(Fig. S3, ESIt) concludes that the present composition exhibits
extremely low thermal conductivity.

The low temperature heat capacity of the sample was
measured under high vacuum between 2 K and 300 K, as shown
in Fig. 9a. In the heat capacity measurement, a known heat
pulse is applied at each point of temperature, and the material
and platform are heated to a temperature of Tp(t). At the end of
the heat pulse, the sample temperature relaxes to a particular
temperature, T, where T, is known as the heat sink tempera-
ture and is expressed by the relation®?

Tp = To+ ATexp({)

where 7 is the time constant, Fig. 9a shows the variation of
measured heat capacity with temperature, and according to
Dulong-Petit law, the near room temperature heat capacity of
the material was found to be 0.205 J g~* K '.>® The experi-
mental Cp value near room temperature was determined as
0.212 J g ' K™, and it is well in agreement with the theoreti-
cally calculated value. At low temperatures the heat capacity of a
nonmagnetic material can be expressed as the sum of the
contributions from electrons and phonons,

CP:OCT+ ﬁTG

where « and f are constants, in the expression, the first part
corresponds to the electronic contribution, and the second part
arises from the lattice contribution to the heat capacity. The
density of states (DOS) at the Fermi level (E = Eg) can be
calculated from the electronic part of the heat capacity by using
the expression®

o= ?(sz)N(EF)
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Fig. 9 (a) Temperature-dependent heat capacity of the material (inset: C/
T versus T2 plot), (b) schematic explanation for lattice softening, (c)
variation of ZT with temperature, (d) a comparison of ZT of the present
material with previous reports.

where kg is the Boltzmann’s constant and the material has a
high density of states 1.1 x 10*” eV™' mol ' at Ey, and it
contributes to the enhancement in Seebeck coefficient through
heavy carrier effective mass. At low temperatures, the data was
fitted with C/T versus T> (inset of Fig. 9a) and the Debye
temperature was obtained from f by using the relation®*

1
o — 12* NR\3
D — —Sﬁ

where N is the number of atoms per chemical formula, and R is
the molar gas constant. It was confirmed that from the linear fit
of C/T versus T°, the material obeys the Debye T° law, and the
estimated Debye temperature was ~91 K. Morelli et al. reported
that the material AgSbTe, exhibits 0, ~ 125 K.%° It was found
that the reduction in Debye temperature was associated with the
lattice softening in the material; the phonons met the softening
(the reduction in group velocity of phonons) and scattering at the
nanostructures.?® The various lattice defects, dislocations, and
nanostructures change the phonon frequency in a disordered
material, generating lattice softening that reduces the phonon
speed and leads to phonon scattering.?” The lattice softening
reduces the overall thermal conductivity of the material, and that
helps to tune the thermoelectric efficiency by introducing inter-
nal lattice strain.®® Fig. 9b shows the pictorial representation of
lattice softening and scattering at nanoprecipitates.

The dimensionless figure of merit ZT of the present material
was calculated from various measured parameters S, g, and k

S?6T

k
ture is plotted in Fig. 9c. At room temperature, the material

exhibits a ZT of 1.1 and it can be further increased by various
defect engineering techniques. Fig. 9d displays the comparison
study of the ZT of doped AgSbTe, with the current material, and
this nonstoichiometric compound has the highest ever
reported ZT value at room temperature. Fig. S5a and b (ESIf)

using , and the variation of ZT as a function of tempera-

Phys. Chem. Chem. Phys.


https://doi.org/10.1039/d4cp01171f

Published on 15 May 2024. Downloaded by Regional Research Laboratory (RRL_Tvm) on 6/10/2024 10:29:06 AM.

Paper

Table 3 A comparison of the room temperature S and ZT values of the
present study with previous reports

No.  Composition Seebeck coefficient (W K™')  ZT
1 AgSbTe, 200°% Gainza et al. 0.12
2 Ag0.78b; 1,Te, 70% Gonjal et al. 0.2
3 (AgSbTe,)o0-(Ag,Te)os  210°* Lee et al. 0.2
4 Ago.85Sb1.04Te, 200°° Wang et al. 0.5
5 Ago.535b1.06Tes 220°° Wang et al. 0.6
6 AgSbTe, 260°° Wang et al. 0.7
7 Ago.0sSbTe, 235%° Pathak et al. 0.85
8 Ago.00SbTe, 250°® Pathak et al. 0.5
9 Ago.00Na 01SbTe; 0p 275%° Du et al. 0.55
10 AgBig 5Sbo.osTe, 200°” Mohanraman et al. 0.4
11 Ago.oSby 1Te, 250% Wu et al. 0.5
12 Ag0.9275b1.07T€3 005 251 this study 1.1

show the measured thermal conductivity and ZT of the material
with error bars. The temperature-dependent TE properties of
AgSbTe, demonstrate a ZT > 1 spanning the temperature range
of 500 K to 700 K.® Recent studies on AgSbTe, have shown that
the presence of Ag vacancies leads to a ZT < 1 at ambient
temperature, but reaches its greatest value of 2.3 at 573 K.*° The
high temperature high pressure synthesis method contributed a
ZT of 1.07 at 513 K,*° anion vacancies in Na-doped AgSbTe, bring
about low thermal conductivity and enhanced ZT of 1.5 at
650 K.°° The alloy of SnSe-AgSbTe, was found with ZT' ~ 1 at
a high temperature of 820 K.”* The other Ag-Sb-Te based
chalcogenides, AgSby.osZnoosTe, with ZT ~ 1.9 at 585 K,*
AgSbTe, g5Seq15 has a ZT ~ 2.1 at 573 K,*® and Cd doped
AgSbTe, unveil ZT as 2.6 at 573 K.>® The present composition
naturally exhibits a comparatively high room temperature ZT
due to the enhanced Seebeck coefficient and the extreme low
thermal conductivity due to the all-scale hierarchical structures.
The previous exploration notifies that non-stoichiometric
AgSbTe, obtained from natural or induced methods resulted
in promising thermopower. Table 3 depicts a comparison study
on the reported room temperature S and ZT value with the
present study.

The high-temperature thermoelectric power factor reveals
that this material can be applied to elevated temperature TEGS.
The single-leg TEG has an enhanced efficiency of 12.5% at a
temperature gradient of 700 K. On an application level, thermo-
electric materials should have temperature and mechanical
stability, which can be confirmed through thermogravimetric
analysis and Vickers hardness measurement. The off-stoichiometric
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Fig. 10 (a) High temperature PF versus T; (b) variation of the calculated
one-leg TE efficiency with AT.
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AgSbTe, has high thermal stability up to 841 K, and the
endothermic dip in the DTA analysis of the material corresponds
to the melting temperature in the range of 825 K and the peak at
713 K is due to the recrystallization of the material on cooling.
Fig. S6a and b (ESIt) represent the TGA and DTA data of the
material. It was observed that the material exhibits a high
Vickers hardness®® value H, of ~108.47 kgf mm > and was
found to be much higher when compared with conventional TE
materials Bi,Te; (63 kgf mm™?) and PbTe (24 kgf mm ?)
(Fig. 10).”°

4. Conclusion

Ternary chalcogenide AgSbTe, was synthesized by the direct
melting of high-purity component elements, yielding a high-
density material with a composition of Agg 9,7Sb4.07T€2.005. The
metastable AgSbTe, crystallizes in the cubic phase with space
group Fm3m, with Ag and Sb randomly occupying the same site
to contribute towards the unique transport properties. The
presence of nanostructures of Ag,Te was observed in SEM,
and confirmed through EDX composition analysis and HRTEM.
At extremely low temperatures, this disordered material unveils
a variable-range hopping mechanism due to the presence of
localized states. The high Seebeck coefficient of the order of
251 pV K~ ' at room temperature could be attributed to the high
DOS near the Er and electron filtering mechanisms triggered by
the nanoscale structures of Ag,Te. The energy gap of 0.15 eV
was determined from the temperature-dependent thermopower
data. The lower thermal conductivity (0.2 W m™' K™') at
ambient temperature predominantly depends on the sponta-
neous cation ordering that formed nanostructures functioning
as powerful phonon scattering centers. Additionally, the point
defects, interfaces, and lattice anharmonicity all contributed to
the lessened thermal conductivity. The confirmation of the
lattice relaxation in this disordered material was achieved by
observing a decrease in the Debye temperature. At ambient
temperature, a power factor of 741 yW m ™ * K 2 and Z7T of 1.1
were achieved, which increased with increasing temperature,
reaching a calculated efficacy of 12.5% at AT = 700 K.
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