
1 
 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

 

Spin polarization, electrical conductivity and thermal conductivity in 
nanomaterials 
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1.1 Introduction 
 

 The size effect of materials on electrical transport and thermal transport properties are 

being studied from the last century.1-4 Primarily this domain of research area was focused on 

metals, semiconductors and electrolytes.2,4,5, 6 However, in the recent time, scientists have shifted 

their focus on nanomaterials and nanoscale devices in this regime.7, 8  Reduced dimension and 

size of such materials and their versatile applications in various fields including electronics and 

thermoelectric devices have been crafted them into a burning topic of research area. Nanoscale 

devices of organic molecules and nanomaterials are known to be very much useful in spintronics, 

memory devices and also in the field of quantum computing, due to their cheap cost, flexibility, 

reduced size and excellent electronic properties.9-11 

1.2 Nanomaterials 
 

 Richard Feynman, the pioneer physicist has coined the idea of nanomaterials for the first 

time. Nanomaterials, often referred to as mesoscopic materials, are the class of materials, in 

which one or more physical dimensions remain constrained to the nanometer scale. Usually these 

materials exhibit physical properties in between the midway of purely quantum behavior of 

atoms and molecules and the classical behavior of bulk materials. The nanoscale size of such 

materials brings quantum confinement effect into them and subsequent increase in surface area 

and interfacial scattering of electron and phonon.12-14 The reduced dimensionality and size affect 

the electronic properties and also their transport properties.  Based on dimension and size several 

types of nanomaterials are known till date, e.g. nanosheet, nanotube, nanowire, nanobelt, 

nanoring etc. some of them are depicted in Fig. 1.1. 
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Figure 1.1 Various nanomaterials: (a) nanosheet, (b) nanoribbon, (c) nanotube, (d) nanoribbon, 

(e) quantum dot, (f) nanobelt. 

 

1.3 Electrical transport properties of nanomaterials 

 Nanomaterials and nanoscale devices are of great interest as electrical parts of 

microchips, transistors, sensors and as building blocks of next generation electronics.15, 16 On 

account of that, the study of transport properties of such materials particularly have drawn 

scientists’ attention enormously. In this research area, carbon based nanomaterials like graphene, 

carbon nanotube and fullerene have been studied most widely.17-20 Graphene is a two 

dimensional (2D) layer of one-atom-thick carbon atoms arranged in honeycomb lattices, has 

attracted attention of scientists and also known as wonder material due to its enormously high 

mechanical strength, large thermal conductivity and very high carrier mobility.21-23 However, 

graphene is a semimetal with zero bandgap and several studies are carried out for the opening of 

the bandgap, among them patterning into nanoribons is the most popular.22, 24, 25 Carbon 

nanotube is another class of carbon nonomaterials, which can be found in all metallic, half-
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metallic and semiconductor.26 Their band structure can be tuned with their chiral indices,27 which 

characterizes their wrapping especially in single walled carbon nanotubes. The coherence length 

for spin propagation in CNTs is quite long (0.13–1.4 μm at 4.2 K),28 because of very weak spin-

orbit coupling and hyperfine interactions in carbon-based materials. That makes carbon nanotube 

an excellent candidate for quantum nanowire and spintronic applications.29 Fullerenes are the 

zero dimensional carbon based nanomaterials, also studied exclusively for their exceptional 

transport properties.30, 31 Fullerenes are cage like arrangement of carbon atoms that can 

incorporate metals endohedrally. Such endohedral metallofullerenes are being studied 

extensively as molecular swiching devices32 and in quantum information processing.33 Besides, 

carbon based nanomaterials, transition metal dichalcogenide (TMDC) such as MoS2, MoSe2, 

WS2, WSe2, etc., are also studied for their application in nanoelectronics.34-37 The 2D monolayers 

of TMDC have intrinsic bandgap of 1-4 ev, are often complement of graphene.38 Nanoribnon and 

nanoclusters of TMDC also have been studied for their electronic, optical and magnetic 

properties.38-41 All these studies sets up the stage for the present investigation.   

 

1.3.1 Molecular electronics 

 
 With the growing interest of ever smallest possible electronics, transport property of 

devices made of molecules or materials like 2D monolayer sheet, 1D nanowire are investigated 

both theoretically and experimentally in last few decades.18, 42-44 Such devices consist of 

molecule or nanomaterial placed between two electrodes (Fig. 1.2). These arrangements of 

electrode-molecule-electrode interface are known as nanoscale devices. When only charge 

transport of such devices is investigated for possible use of the molecule/material as electronics, 

this area of research is called molecular electronics. The study of spin transport along with 

charge is known as spintronics. Ratner et. al., have discussed transport through a molecule 

theoretically for the first time and set a benchmark for molecular electronics.45 Later, the 

discovery of STM devices and measurement of transport of molecules with it by several research 

groups have advanced the field of molecular electronics.8, 46, 47 However, the techniques used for 

conductance measurement through a STM devices produce a large number of data set, because 

measurement can be made rapidly, which is the real problem faced by experimentalists.48 To 

overcome this problem theoretical insight into the mechanism of transport becomes a necessity.  
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Figure 1.2 Schematic representation of molecular device for electronic transport calculation. 

  

1.3.2 Molecular spintronics 

 
 Spintronics or spin based electronics is the combined study of both charge and spin 

transmissions through materials and devices. This field is an emerging branch of nanotechnology 

and is the combination of electronics and magnetism. This is currently one of the most attractive 

research areas within nanomagnetism, because it allows spin degree of freedom along with the 

charge within a material to process a signal of information.49, 50 The key matter in this research 

area is the active manipulation of spin population near the Fermi level. The bands of electron 

which are responsible for conduction in a spintronic material, must be rich in spin density with 

respect to the either of spin, “majority spin” or “minority spin”. The first significant study in this 

field is the finding of magnetoresistance in metallic multilayers by Fert et. al.51 This discovery 

describes that the direction of carrier electrons could be controlled based on the spin 

magnetization of same electrons, and has opened up novel properties in materials for a 

completely new technology.   

With the continuous developments in nanomaterials and nanotechnology and 

contemporary miniaturization of electronics to molecular scale has emerged a new field, namely 

molecular spintronics, which merges the unique properties of molecules to exhibit quantum 

effects and the concepts and ideas in spintronics, at the nanoscale.52-54 This field has brought 

broad day-light on the organic semiconductors and organic molecules, which have extended π-

network. Due to the weak spin-orbit and hyperfine coupling in these materials, spin relaxation 

time is longer than inorganic materials and on the other hand, flexibility and cheap cost make 

them ideal candidates for molecular spintronics.55, 56 In this regard, the carbon nanotubes have 
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been studied for long as spintronics materials, because of high spin coherence length over the 2D 

carbon network graphene.29, 57 The organic radicals are also studied rigorously in this regime, 

due to the presence of unpaired electron in those systems.58, 59  

 

1.3.3 Magnetism and spin polarization in molecular electronics 
 

Spintronics and magnetism both are consequences of spin polarization in a system. 

Imbalance of up and down spin population of electrons in a system leads to spin polarization. 

Spintronic properties in a system could be achieved through several ways. One simple and 

probable way to serve this purpose is the injection of spin polarized charge carriers from a 

ferromagnetic electrode, which will act as a spin polarizer in the system.60 Spin-polarization in 

nonmagnetic systems can also be induced by adsorbing magnetic adatoms, like atoms of 

transition metals and radicals.61, 62 On the other hand, spintronic devices could be created from 

magnetic materials with intrinsic spin imbalance.63 Although there are other possible ways to 

create spintronic characteristics, like modification of spin-orbit interactions, the above mentioned 

methods are studied widely and important progresses have been achieved.64-66  

 The magnetic materials are the prime focus for scientists to build a spintronic device, 

since inception.67-69 In this context, inorganic complexes, nanosheets, nanowires, nanoclusters 

are investigated thoroughly for their excellent magnetic properties and hence spintronic 

behavior.68-70 Consequently, various spintronic devices have been designed and fabricated 

successfully till date.71-75 Alternately, the cheap cost, flexibility, weak spin orbit coupling and 

subsequent advances in the field of electronics, organic materials and molecules have attracted 

the attention of the scientists in this direction.76-80 The challenge of making spintronic devices 

from non-magnetic organic systems have been overcome by adsorption of metals or magnetic 

adatoms on the surface or by doping.81, 82 On the other hand, organic radicals have been 

frequently studied as spintronic devices for their intrinsic magnetism.58  

 

1.3.4 Magnetism in organic radicals 
 From past few decades, scientists are looking for a new kind of magnetic material, where 

magnetism can be developed as one-molecule phenomenon rather than 3D magnetic ordering. 

This emerging field of material science has been known as molecular magnetism and probable 
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applications of molecular magnets in the field of spintronic, superconductivity, photomagnetic 

switch etc., have attracted attention of experimentalists as well as theorists.83-88 Among the 

precursors of molecular magnets stable organic radicals (Fig. 1.3), which could be synthesized 

and handled in pure state, are most suitable. The discovery of β-crystal phase p-nitrophenyl 

nitronyl nitroxide radical by Kinoswita et. al. has set a benchmark in this research area of 

molecular magnets and provide a thrust to the search for new ferromagnetic materials.89 Nitronyl 

nitroxide diradicals with ethylene coupler shows a very high magnetic exchange coupling.90 

Another family of organic radicals is verdazyl radicals was first synthesized by Kuhn and 

Trischmann, are potential precursor for molecular magnets.91-93  

 
Figure. 1.3 Stable organic radicals: (a) oxoverdazyl, (b) nitronyl nitroxide, (c) imino nitroxide. 

 

 The interaction among the unpaired electrons is responsible for the excellent magnetic 

properties of organic radicals. The alignment of spins in organic radicals and their interaction 

through lone pairs or π electrons creates the residual spin magnetic moment in it. As a 

consequence, the design and synthesis of stable organic radicals with novel magnetic and 

electronic properties are essential for the development of spin science. 

 The electronic structure and magnetism of organic diradicals are often dependent on the 

couplers and can be modulated and organized for the intermolecular interaction of unpaired 

spins. Versatile applications of molecular magnets have led both theoretical design and synthesis 

of organic diradicals. Ziesel et. al. have studied and isolated diradicals of nitronyl nitroxide with 

ethylene coupler.90 Turek and coworkers studied a series of iminonitroxide and nitronyl nitroxide 

diradical derivatives with phenylene and ethynylene coupler and shown that the spin polarization 

and molecular conformation controls the magnetism.94 The study of non-kekule bis-oxoverdazyl 

diradical by Fico et. al. have found that the ground state of it is singlet with a little thermally 

populated triplet.95 Gilroy and coworkers have synthesized derivatives of verdazyl radical and 
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studied their magnetic properties.96 Ali and Datta have studied bis-nitronyl nitroxide coupled 

with linear π-spacers and found that the magnetic interaction is transmitted through π-

conjugation.97 Ferromagnets based on oxoverdazyl and thiooxoverdazyl radicals with different 

polyacene couplers of varying length have studied by Bhattacharya et. al. and they found that the 

magnetic property strongly depends on the length of coupler and path of spin polarization.98  

 

1.3.5 Electrical transport property of organic radicals 

 
 Organic radicals are intrinsic magnetic materials due to the presence of unpaired 

electrons in it. The spin polarization generated by the presence unequal spin population of 

electrons, long spin coherence length due to weak spin-orbit and hyperfine interaction make  

organic radicals ideal candidate for spintronic applications.99 Hermann et. al. have studied the 

transport properties of simple π-type radicals placed between two gold electrodes and found that 

transmission does not directly depend on the MO occupations, because the population of spin up 

and down electrons influence the MO shapes and energies.100 Wu and coworkers have 

theoretically investigated the transport properties of 1,3,5-triphenylverdazyl radical and spin 

Seebeck effect has been observed for the p-connection and 100% pure spin current for m-

connection.101 Bhattacharya et. al. have studied spin-polarized transport properties of m-

phenylene connected bis-aminoxyl diradicals.58 

 

1.3.6 Electrical transport properties of fullerenes 

 
 Fullerenes are bucky-ball shaped molecular allotropes of carbon which have attracted the 

attention of researchers and scientists, since the discovery of C60 fullerene in 1985 by Kroto et. 

al.102 After that, lots of fullerenes of various sizes are discovered and studied (Fig. 1.4). In C60 

fullerene all the carbon atoms are equivalent and sp2 hybridized. It consists of 20 hexagons and 

12 pentagons and is highly symmetrical with a high symmetry of icosahedra Ih. The cage like 

hollow structure of fullerene can accommodate atoms or small molecules inside it. Such doped 

fullerenes are termed as endohedral fullerenes and when metal atoms are encapsulated inside the 

carbon cage, are known as endohedral metallofullerenes (EMF).103 Till date, a lots of endohedral 
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fullerenes have been synthesized and studied both theoretically and experimentally, since those 

may break the “isolated pentagon rule” (IPR).31, 104-108 This rule tells that the most stable 

geometry of a fullerene could be achieved by the formation of pentagons around the structure.  

  

 
 

Figure 1.4 Fullerenes of different sizes. 

 

Nowadays, small EMFs have attracted tremendous attention of the scientific community 

due to its excellent capacity as electron acceptor and ample applications in the field of 

photovoltaic materials, biomedical, electronic devices and so on.104, 109-114 The ever smallest 

possible fullerene is C20, which breaks the IPR as it consists of only pentagons.115, 116 Among the 

all possible isomers of C20, the most stable isomer is one with icosahedra Ih symmetry. The 

encapsulation of atoms including transition metals inside C20 has been studied by several 

research groups.117, 118 Electrical transport properties of C20 fullerene and its derivatives were 

analyzed by many researchers.119-121 Roland and coworkers have studied the transport properties 

of C20 fullerene chain and found that the conductance does not depend on the chain length.120 

Wang et. al. have investigated the negative differential resistance (NDR) effect of C20 fullerenes 

and found that it depends on the crystal field of gold electrode.121 When C20 is placed between 

electrodes of Au(111) plane NDR vanishes. The insertion of magnetic adatoms, such as 
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transition metals inside the C20 fullerene cage has been regularly exercised. Baei et. al. have 

studied transition metal encapsulated endohedral C20 metallofullerenes by first principle 

calculation.117 Zhao and coworkers found that the Fe encapsulated C20 is the most stable among 

all 3d-transtion metal doped EMFs.118 Such studies drive the application of C20 towards 

spintronics research. The spin dependent transport property of C20 and nitrogen encapsulated C20 

EMF has been theoretically investigated.122 This study is the first step towards the application of 

C20 as spintronic device. 

 

1.4 Thermal conductivity of nanomaterials 

 
 Thermal conductivity  is the study of heat transport through materials, carried by phonon 

and electrons. Generally in a bulk material, the 99% of heat is carried by phonons and the rest by 

electrons. As a consequence, to understand the thermal conductivity one must have proper 

knowledge of the spectrum of crystal vibration. As thermal conductivity is a property of crystal 

lattice, it does not only depend on the elements of the material, but also on the shape and size and 

temperature of the same.123, 124 However, on reducing the dimension of a material, the thermal 

conductivity gets decreased. The thermal conductivity of a material also depends on the grain 

boundary of a material, on increasing the grain size it increases.125  

 The study of thermal transport has two aspects, firstly to get a material with high thermal 

conductivity, which can resolve the heat management issues in electronic industries by draining 

heat from electronic circuits. On the other hand, diminution of thermal conductivity in a 

thermoelectric material enhances its efficiency. Thermoelectric materials can convert heat into 

electricity by means of Seebeck effect, which have attracted the attention of scientific 

community and researchers for its practical utility. The nanomaterials are more useful in such 

thermoelectric application, as the low dimension materials have lesser thermal conductivity 

compared to bulk counterpart. Nevertheless, the modern era of electronic industry is getting 

shifted towards nanomaterials by miniaturization of electronic circuits. So, to fulfill both the 

aspects of thermal transport phenomena mentioned above, theoretical and experimental 

investigations of thermal transport properties of nanomaterials are essential. 
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 1.4.1 Thermoelectric figure of merit (ZT) 

 
 The thermoelectric figure of merit is the coefficient of a system, which determines the 

efficiency to convert heat into electricity and vice versa, defined as 𝑍𝑍𝑍𝑍 = 𝑆𝑆2𝜎𝜎𝜎𝜎
𝐾𝐾

 , where S is the 

Seebeck coefficient, 𝜎𝜎 is electrical conductivity, 𝐾𝐾 is thermal conductivity and T is the 

temperature. This coefficient is a unitless quantity, which is linearly proportional with electrical 

conductivity of a material, whereas inversely proportional with the thermal conductivity. Due to 

this reason, to get a significant thermoelectric figure of merit (≈ 3) in a system, high electrical 

conductivity along with low thermal conductivity is mandatory and also a high Seebeck 

coefficient. However, to meet all these requirements simultaneously for high 𝑍𝑍𝑍𝑍 is a challenging 

task, because the materials with high electrical conductivity generally have high thermal 

conductivity and a low Seebeck coefficient. As a consequence transition metals, materials of 

main group elements are not good thermoelectric materials. Continuous search for thermoelectric 

materials with high ZT have found lots of efficient thermoelectric materials, like Bi2Se3, Bi2Te3, 

SiGe, SnSe, PbTe, BiSbTe, Cu2Se, Cu2S, CuInSe2, Mg3(Bi,Sb)2 and so on.126-134 However, these 

materials are limited to practical applications due to less abundance, toxicity, instability at high 

temperature and cost ineffectiveness. Nevertheless, there are many ways to overcome this 

problem among them one of the best possible strategy is to find new materials of main group 

element with high ZT. To serve this purpose organic materials are the most suitable due to their 

low cost, stability at high temperature, natural abundance and easy handling. In this regard lots of 

organic thermoelectric materials with moderate ZT have been discovered and studied. But 

organic thermoelectric materials with high ZT are yet to be discovered. Another possible strategy 

to overcome the above mentioned problem is to use the thermoelectric materials with moderate 

ZT in a smart way, in which the thermal current can be converted to spin current.135, 136 Such 

materials are termed as spin thermoelectric materials.137-141 

 

1.4.2 Spin thermoelectric figure of merit 

 
 Spin thermoelectrics is a new branch of spintronics and thermoelectrics, in which the spin 

degree of freedom is added to the thermoelectric materials. The discovery of spin thermolelectric 
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materials can be traced back to the work done by Uchida et. al., describes the conversion of 

thermal current to spin electricity for the first time in a Fe81Ni19 thin film.142 This phenomenon of 

conversion thermal current to spin current is known as spin dependent Seebeck effect (SDSE), 

whereas, when ferromagnetic electrodes are attached with non magnetic material as spin injector, 

this phenomenon is known as spin Seebeck effect (SSE).127, 135, 136 SDSE can occur in bulk 

ferromagnets, which is a direct consequence of unequal spin up and down currents generated due 

to spin polarization.136 Whereas, SSE occurs in two steps, in the first step a spin current is 

generated from thermal current in the ferromagnetic electrodes and second step is the injection of 

the spin current to the non-magnetic conductor across the interface.136, 143 To serve the purpose, 

semiconductors of transition metal with intrinsic spin polarization are the best candidates. Spin 

thermoelectric feature of lots of transition metal semiconductors have been successfully 

synthesized and investigated both theoretically and experimentally.137, 140-142, 144 However, short 

spin coherence length due to strong spin-orbit coupling, cost ineffectiveness, instability at high 

temperature these materials do not have significant usefulness. Whereas, the weak spin-orbit 

coupling, lower cost, flexibility in synthesis of organic materials make them more suitable 

candidates for SSE. Till date so many organic organic materials are studied for spin 

thermoelectric features and synthesized, still more effort should be provided in this regard.145-147  

 

1.4.3 Spin thermoelectric properties of graphene nanoribbons  

 The wonder material graphene is the most studied nanomaterial in last two decades.148-152 

The Seebeck coefficient of graphene is high compared to the other nanomaterials, but due to high 

thermal conductivity the ZT is negligible and it is not a thermoelectric material.153 When 

graphene is patterned into a nanoribbon, a direct bandgap appears depending on the width of the 

nanoribbon.154 The low thermal conductivity in semiconductor graphene nanoribbons (GNRs) 

and high Seebeck coefficient due to direct bandgap make it suitable candidate for thermoelectric 

application.155-158 GNRs are broadly divided into two categories by their edge characteristics, 

namely, armchair GNRs (AGNRs) and zigzag GNRs (ZGNRs) (Fig. 1.5). AGNRs are non-

magnetic semiconductor, whereas, the ground state of ZGNRs is antiferromagnetic with a net 

zero spin.159, 160 So, ZGNRs are more suitable GNRs for spintronic and hence spin-thermoelectric 

application. But the zigzag edges of GNRs are very much unstable, due to which synthesis of 

ZGNRs is very difficult.161 Whereas, a lots of bottom-up approach for the synthesis of AGNRs 
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are already been reported.162-164 The spin-thermoelectric features of ZGNRs have been studied in 

presence of magnetic field and ferromagnetic electrodes.146, 147, 165, 166 In a recent work, Sierra et. 

al. have frabricated a spin caloritronic device based on graphene and ferromagnetic electrodes 

and generated spin current from thermal gradient.145 Chico and workers have studied spin and 

charge component of two overlapping AGNRs in presence ferromagnetic electrodes.167  

 

Figure 1.5 Various graphene nanoribbons. 

Farghadan et. al. have studied spin and charge thermoelectric features of a device made of 

AGNRs and ZGNRs scattering region and effects of antidots on ZT have been considered.168  

1.5 Objectives of the thesis 

 The objectives of the current thesis are to theoretically study the spin polarized electrical 

transport property and thermal transport property of nanomaterials. The defined objectives of the 

thesis are as follow: 

(1) To investigate the spin polarization in organic diradicals estimated by exchange coupling 

constant (Chapter 3; On the performance of generalized valence bond theory in predicting 

magnetic exchange coupling constant in organic diradicals). 
(2) To theoretically study the spin-polarized transport property of C20 metallofullerenes by 

inserting 3d-transition metals (Chapter 4; Spin-polarized electrical transport in transition metal 

encapsulated C20 fullerenes). 
(3) To calculate the spin-thermoelectric figure of merit along with tunneling 

magnetoresistance of boron doped graphene nanoribbon (Chapter 5; Spin-thermoelectric 

properties and giant tunneling magnetoresistance of boron-substituted graphene nanoribbon). 
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