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Abstract

Fullerene and its derivatives are potential candidates for thermoelectric appli-
cations due to their low thermal conductivity. This work proposes to utilize the
concept of phonon lattice vibrations of doped fullerenes and fullerene oxides un-
der thermal and mechanical stress that qualitatively alters the heat conduction
and the thermoelectric figure-of-merit.

This work presents temperature, laser power and pressure dependent Ra-
man spectral analysis of endohedral metallofulleres (M@Cgy, M=Gd,Dy) and
fullerene oxides (CgoO, C700) to understand their lattice dynamics and ther-
modynamic stability. The first order temperature and laser power coefficients
of Raman frequencies are evaluated and are utilized to evaluate room and high
temperature thermal conductivity. Thermal conductivity of fullerene oxides
are smaller the that of M@ Cgy. Blue-shifts in the Raman frequencies while
decreasing the temperature in metal-cage, C-O and cage internal vibrations
of endohedral and exohedral describe thermal contraction in the molecules.
Temperature independent linewidth of cage internal vibrations shows minimal
anharmonic interaction; whereas, strong temperature dependence metal-cage
vibration linewidths are governed by phonon-phonon and electron-phonon cou-
pling.

The density functional measurement has been performed to examine con-
traction in the C-O bond length of CgnO. C-O bond contraction has been cor-
roborated with the experimental Raman shifts at different temperatures and
pressures to evaluate the linear expansion coefficient and linear compressibility
of CgpO. Isobaric mode and isothermal mode Griineisen parameter are used to
explain the thermodynamic stability of CgoO at low temperature and high pres-
sure. The correlation between Griineisen parameter and thermal conductivity
provides an insight into pressure induced thermal conductance which in turn

may affects their thermoelectric efficiency:.
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Chapter 1

Introduction

Modern technology has offered conveniences relying on electricity where in-
crease in energy generation and consumption reduction are perhaps one of the
major challenges. The ability to improve efficiency of power consumption and
management is of vital need. Thermoelectric (TE) materials have grabbed at-
tention due to their potential applications in electronic cooling and waste heat
harvesting. Thermoelectric material converts thermal energy into electricity.
The performance of thermoelectric material is determined by the dimensionless
figure of merit ZT, which is related to Seebeck coefficient S, electrical conduc-

tivity, o and thermal conductivity, « [9, 10]:
ZT = S*0T/k (1.1)

The Seebeck coefficient(S) is the measure of thermal diffusivity carried by elec-
trons due to thermal gradient. Temperature difference between two dissimilar
electrical conductors or semiconductors connected together at two junctions
induce Seebeck voltage(V). This voltage is related to the difference in tem-
perature (AT) between the heated junctions and the Seebeck coefficient(S).
S is determined by the scattering rate and the density of the conduction elec-
trons. The schematic diagram of Seebeck effect is shown in Figure 1.1 Electrical

2



CHAPTER 1. INTRODUCTION 3

conductivity(c) is a measure of the rate at which an electric current can pass
through a material. Large Seebeck coefficient leads to improved thermoelectric
performance. In addition, large electrical conductivity(o) helps to improve ZT
by increasing electron mobility and offers less resistance for the flow path of elec-
trons. Low thermal conductivity can be attributed to an increase in the phonon

scattering that leads to higher temperature gradient and hence improved ZT.

e 9 5
QN 00

O 00

(5]

| o

® e _ .
4% —
«— INONINSNAN <

Figure 1.1: Hlustration of Seebeck effect.

o

Designing efficient thermoelectric materials requires tuning between elec-
tronic transport which is determined by power factor(S2?¢) and thermal trans-
port which is determined by thermal conductivity (k). The way to optimize TE
materials are to increase the power factor and to reduce the lattice thermal con-
ductivity. To reduce k, phonon scattering is increased by incorporating random
defects or impurities into the material. This also leads to an increase in elec-
tron scattering which compromises with carrier mobility and hence, electrical
conductivity reduces. ¢ can be increased by increasing carrier concentration.
However, presence of more electrons saturates the material which reduces elec-
tron diffusion rate and hence, hinders S. As a result, power factor falls down
rapidly. Thus, The quantities S, o and x are interlinked in such a way that it
is very difficult to control these variables independently and improve ZT. To
overcome this conflict, Hicks and Dresselhaus suggested that S, o and x can be

controlled independently to improve figure of merit by using low dimensional
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materials[11]. The incorporation of lower-dimensional structures enhances elec-
tronic density of state (DOS) near Fermi level via quantum confinement [12, 13].
As a result, asymmetry in electron transport is increased that attributes to a
large average transport energy and a large number of carriers moving in the
material. This leads to enhancement of Seebeck coefficient and reduction in
thermal conductivity. It is found that incorporating nanostructures embedded
in bulk material scatter phonons more effectively than electrons which attracted
interest in reducing the TC without compromising electrical conductivity to im-
prove ZT [14].

Previous reports have illustrated that introducing nano-scale dopant into the
composite is a widely used method to reduce the thermal conductivity further
[15, 16, 17]. When nanoparticles are dispersed homogeneously within the grains,
significant decrease in lattice thermal conductivity is observed with negligible
degradation in the electrical conductivity. In recent studies, Cgo fullerenes
and its derivatives have grabbed attention to enhance ZT of thermoelectric
composites [16, 17, 15, 18]. Having ultrahigh elastic molecule, Cg offers an
effective phonon scattering which reduces the lattice thermal conductivity [17].
To understand the role of Cgy in thermoelectric composites, a comprehensive
understanding of thermal transport property of Cgg is needed.

Lattice thermal conductivity depends on phonon group velocity (v,) and
phonon relaxation time (7), which are strongly connected to the dispersion of
phonons [19]. Having low velocities, optical phonons have negligible contri-
bution to lattice thermal conductivity. In large primitive cells, population of
acoustic phonons are reduced which is the dominant factor in thermal conduc-
tivity [19]. However, heat transport property in low-dimension structures may
differ significantly from that in the bulk structure. When structure dimensions
are similar to the phonon mean free path, classical laws are no longer valid. In

nanostructure, the phonon dispersion relation could be significantly modified
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due to confinement.

FCC Cgp crystal consists of 60 carbon atoms and there are 180 branches of
dispersion curves [1]. Figure 1.2 shows the phonon dispersion curves of FCC
Cgo where 6 inter-molecular phonon (acoustic) branches and 174 intra-molecular
phonon (optical) branches are present. The frequency-dependent distribution
of phonon modes can be described by Vibrational Density of state(VDOS).
VDOS are occupied by modes that arise due to intermolecular vibrations, and
intra-molecular vibrations. The VDOS of Cgy in the low frequency regime is
dominated by the inter-molecular interaction. The intermolecular VDOS shows
strong features around 2.3 and 3.7 meV. Vibrational frequencies of Cgy below
3 THz posses higher group velocities as compared to high frequency intra-
molecular phonons. Therefore, thermal conductivity is associated with phonon
frequencies lower than 3 THz. Less population of long wavelength phonon in
VDOS results in low to ultralow thermal conductivity (0.4-0.075 W m~'K™!)

of Cgp and its derivatives. [1, 20].
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Figure 1.2: Lattice dynamics calculations of phonon dispersion curves of FCC
Ceo-(reprinted from Ref [1])

Possessing high Seebeck coefficients and low thermal conductivities, fullerene

molecules have the potential to enhance the figure of merit [10, 21].

As most thermoelectric materials are imperiled to high temperatures due to
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their applications, long-term constancy in performance is desired. Under ther-
mal and mechanical stress, change in inter-molecular and intra-molecular bond
vibration of the crystal may modify their phonon velocities and density of states;
hence heat conduction and thermoelectric efficiency are expected to be altered.
This thesis aims to find potential material for thermoelectric applications under
extreme conditions. The prime goal is to examine the effects of thermal and
mechanical stress on the heat conduction properties of doped fullerenes. The

main objectives of this thesis are as follows:

e Temperature effect on lattice dynamics of GdQCgy, Dy@Cgy,Cs0O and
C700: To understand the effect of temperature in lattice dynamics, tem-
perature dependent Raman line shifts and linewidth variation were ana-
lyzed. Temperature dependent force constants of metal-cage(for GdQCsg,,
Dy@Cgs) and Oxygen-cage(CgO and CroO) vibrations were evaluated.
Temperature coefficients and Griineisen parameters were determined for

different Raman vibration modes.

e Determination of thermal conductivity of Gd@QCgy, Dy@Cgy,CeoO and
C700: Raman thermometry method was used to determine thermal con-
ductivity where both temperature and laser-power dependent Raman

studies were performed.

e Pressure effect on lattice dynamics: To understand effect of mechanical
stress in lattice dynamics, pressure coefficients and Grineisen parameters
were determined for different Raman vibration modes. From the study,
an overview of thermoelastice property such as linear compressibility and

thermal expansion coefficient of material was obtained.
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1.1 Outline of the Thesis

The work presented in this thesis delivers a pathway for the use of doped
fullerenes as a dopant in thermoelectric composites by studying their thermal
conductivity to improve figure of merit. In this work, thermal conductivity was
determined using spectroscopic investigation. Optical and vibrational proper-
ties of endohedral fullerenes and fullerene oxides have been examined under low
temperature and high pressure. The thesis is structured as follows:

Chapter 2 includes a review of endohedral metallofullerenes (EMFs) and
fullerene oxides. This section is focused on the electronic structure, lattice
dynamics and thermodynamic properties including thermal conductivity of the
materials. In addition, this section also explains how temperature and pressure
can affect thermal conductivity.

Chapter 3 provides the details of the materials used to study in this research
work and experimental techniques used to achieve the objectives. This chapter
includes details of the synthesis and characterization of materials which are
studied. Raman spectroscopic technique was used with a cooling setup to
observe the thermal effects on Raman spectra. Diamond anvil cell (DAC) was
used to generate high pressure.

Chapter 4 describes the temperature effect on lattice vibration of two EMF's,
GdQCgy and Dy@QCgs film. In this section magnetometry study of these ma-
terials is discussed by using the Brillouin function approach and temperature
dependent oxidation states are examined by estimating temperature dependent
total angular momentum (J). It corroborates with the temperature and power
dependent Raman spectra. On the basis of these results, the spectroscopic
investigation of TC is examined at the end of this chapter.

Chapter 5 describes the temperature effect on magnetic and vibrational
property of two fullerenes oxides, CgoO and CryO. Temperature and power

dependent Raman spectra are analyzed to understand lattice dynamics and to
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estimate TC of these two materials. In addition, DFT calculation is performed
on optimized CgoO molecule to understand thermal effect on C-O bond and
to estimate thermal expansion coefficient. Griineisen parameter are evaluated
from the temperature dependent Raman shifts.

In Chapter 6, the effect of pressure on vibrational property of CgnO is de-
cribed along with pressure dependent Raman measurements. Mode dependent
Griineisen parameter is evaluated. Linear compressibility is also examined from
the pressure induced bond contraction. This section highlights the contribution
of mechanical stress of CgoO cluster in its thermal conductivity and hence its
thermoelectric properties.

In chapter 7, the work of the thesis is concluded and the potential opportu-

nities for further work are presented.



Chapter 2

Literature review

In search of potential material for thermoelectric applications, this work is fo-
cused on the investigation of thermal conductivity of doped fullerenes under ex-
treme condition(low temperature, high pressure). In this chapter,we introduce
the fullerene and its derivatives which are associated with this work. Reviews
comprising of various studies on the structural, optical and magnetic proper-
ties of endohedral metallofullerenes (EMFs) and fullerene oxides are included.
This section also explains how temperature and pressure can affect the lattice

dynamics and heat conduction properties of the materials.

2.1 Fullerene

Fullerene consists of carbon atoms connected by bonds to form a hollow cage
like structure. Fullerenes were discovered experimentally for the first time in
September 1985 by a group of scientists including Robert F. Curl Jr., Harold
W. Kroto and Richard E. Smalley with co-workers [22]. The shape of the
fullerene depends on the number of carbon atoms present in the molecule.
Euler’s theorem suggests that each fullerene C,, consists of 12 pentagonal rings
and m hexagonal rings where m=(C,-20)/2 [23]. Cg is the most abundant

fullerene that have buckyball shape. Cgg is formed by 12 pentagonal and 20
9
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hexagonal rings of carbon atoms. C-C bond belonging to pentagons are single
bonds, and the bonds attached between two hexagons are double bonds. All
the pentagons are surrounded and isolated by the hexagons and that makes Cg
most stable [24, 25]. Within a fullerene molecule, carbon bonds are sp? and
sp® hybridized. The distortion of the bonding character in the direction of sp?

type hybridization is responsible for the curvature of the fullerene surface. Cy

Figure 2.1: Structure of (a)Cgo(11,), (b)Cro(Dsp) and (¢)Csa(Co)

is the second abundant fullerene. The structure of fullerene Crq consists of 12
pentagons and 25 hexagons of carbon atoms. The presence of extra 5 hexagons
elongated the buckyball shape into a rugby ball in shape. A higher fullerene,
Cgo consists of 12 pentagons and 31 hexagons. The structures of Cgy, C7o and
Cgo are shown in Figure 2.1. Due to the reduced symmetry and elongated form,

physical properties of C7g and Cgy are different from the properties of Cgy [26].

2.1.1 Structural and electronic properties

Structural studies of crystalline Cgy show that under ambient conditions the
crystal has a face-centered cubic (FCC) configuration of Cgy spheres with lat-
tice parameter ag=14.2 21[27, 28, 29]. The lattice structure of the Cgp molecule
is shown in Figure 2.2. The most stable crystal faces are the close-packed (111)
and (100) planes. In normal condition, Cg clusters are freely rotating. Upon
lowering the temperature, application of hydrostatic pressure or intercalation,
the free rotation of fullerene molecules is hindered. Below 260 K, two rota-
tional degrees of freedom freeze and the molecules can only rotate about fixed

direction. Therefore, below 260 K Cgy crystals experience a phase transition
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Figure 2.2: Schematic representation of FCC arrangement of Cgy molecule at
ambient condition.

from FCC to a simple cubic (SC) lattice [29]. Below 90K, SC structure transits
to a glassy state where all the orientational rotations are frozen [30]. When
fullerenes are subjected to high pressure at high temperature, intermolecular
bonds are formed which follows the creation of fullerene dimers, chains, planes,
or three-dimensional structures [31].

At ambient condition, Crq molecules are arranged in an isotropic FCC struc-
ture with an inter-molecular distance of 10.51 A. Fleming et al. suggested
that solvent free C;y has FCC structure with a small amount of a hexagonal
close-packed (HCP) lattice structure at room temperature [32]. Upon lower-
ing temperature the free rotation hinders but rotation around the long axis of
the molecules persists. During cooling orientational freezing takes place in two
stages. Between 295 and 345 K, the lattice experiences a rhombohedral (RH)
distortion. Below 295 K, the RH lattice undergoes a further transformation into
the monoclinic structure [33]. At 1.2 GPa FCC-to-RH phase transition has been
observed from pressure dependent X-ray diffraction pattern that persists up to
6 GPa [34, 35]. X-ray diffraction showed that solvent free Cgy structure pre-
pared by sublimation have FCC structure whereas the crystal grown in toluene
and CS, has monoclinic and cubic structure [36, 37].

According to Frontier orbital theory, the highest occupied molecular orbital
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(HOMO) and the lowest unoccupied molecular orbital (LUMO) play an im-
portant role in reactivity of fullerenes. The HOMO-LUMO gap represents the
chemical hardness of the molecule [38]. The high electron affinity in fullerenes
due to the presence of low lying LUMO orbital makes them reactive. With
the increase in the molecular size, HOMO-LUMO energy gap decreases. When
HOMO-LUMO gap is small, it is energetically favorable to add electrons to a
stabilized LUMO, and/or to extract electrons from a destabilized HOMO [39].
As a result, higher fullerenes are found to be more chemically reactive [40, 41].

Possible reactions of Cgy and Cyq includes [23]:
e addition
e polymerization
e nucleophilic/electrophilic substitution
e intercalation/doping

In doping reaction, transition metal of rare earth metals are doped inside the
fullerene cage. Being a cage-like structure, the fullerene molecule has an internal
hollow space that allows encapsulating one or more atoms inside the molecules.
These molecules are called as endohedral fullerenes. In the later section, details
of endohedral fullerenes are reviewed.

In addition reaction, functionalization of fullerenes are formed where molecules
or functional groups are attached with the fullerene cage. Such kind of fullerenes
are known as exohedral fullerene. This work focuses on fullerene oxides which
is a kind of exohedral fullerene. In the later section, the formation of fullerene

oxides and their properties are discussed.
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2.2 Fullerene oxide

Because of electron affinity, fullerene Cgg and Crq readily react with atmospheric
oxygen and forms oxides(CgyO,,,C700,, where n=1,2,3). Fullerene oxide CgO is
among the first fullerene derivatives reported where the oxygen atom is attached
to the exterior of the cage [42]. In subsequent investigations, Cgp and Crg
were synthesized by photo-oxygenation, ozonization and ultrasonification and
then the structural assignments were obtained through the interpretation of
UV-vis and 3C and *He NMR spectra [42, 43, 44, 45]. Heymann provided a
thorough review of fullerene oxides and ozonides where structures, stabilities,
and the formation of CgO and C;oO were explained[46]. The photo-induced
oxidation process in fullerene is initialized by excitation of electrons beyond
its HOMO-LUMO gap. In Cgy, the HOMO-LUMO gap is about 1.5-1.7 eV;
whereas, in Crp, HOMO-LUMO gap is 1.76 eV [47]. An incoming photon
with energy 1.8 eV, stimulate an electron from the ground state (!Cgg) to the
first excited state (*Cgo*). This transition is due to internal conversion(IC)
and inter-system crossing (ISC) to form a triplet excited state that decays in
the presence of oxygen molecules. The presence of triplet excited state Cgg
and singlet oxygen produces fullerene oxide via triplet energy transfer(TET)
2, 45]. Figure 2.3 shows Energy level diagram for Cg oxidation mechanism.
Raghavachari reported Semi-empirical ab initio calculations on stable structure
of C70O where oxygen is bridging an equatorial C-C bond[48].

There are two stable oxygen containing fullerene isomers:

1. epoxy like structure (with a single C—C bond) where oxygen is bridging
over a [6,6] bond

2. annulene like structure (with a broken C-C bond) where oxygen is bridg-

ing over a [6,5] bond

The structure of Cgy epoxide and oxidoannulene are shown in Figure 2.4. The
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Figure 2.3: Energy level diagram illustrating the mechanism for Cgy oxidation
(adapted from Ref. [2]).

theoretical calculations suggests that oxidoannulene is more stable than epoxide
[49]. However, the experimental findings does not agree with the theoretical

studies and indicate that epoxides are more stable [45]. Cgo and Cyy isomers

Figure 2.4: Structure of Cg isomers (a) epoxide and (b) oxidoannulene.

have I, and Dj;, symmetry respectively. CgoO with the oxygen atom bridging
the carbon atoms common to two hexagonal rings belongs to the C,, point
group [5, 50]. Stable structure of C;O with the oxygen bridging over [6,6]

bond has Cy, symmetry[48].

2.2.1 Optical and magnetic properties

Raman and UV-vis spectra of CgO contain a number of unique features that
explain its optical and vibrational character. The UV-vis absorption for Cg O

in toluene are quite similar to Cgg except for a slight difference in the 400-
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700 nm region. Absorption band at 408 nm of pristine Cg is absent in CgoO
and a new band at 424 nm is observed which is the signature band of epoxide
CeoO [42]. In comparison to Cgg, CgoO has stronger absorption at 496 nm
and weaker absorptions at 540 and 600 nm. In pristine Cyq, absorption bands
are reported at 382.7 nm, 472.6 nm, 550 nm and 640 nm. Unlike Cg,O, no
new band is reported in the absorption spectra of all C;yO isomers. Only the
existing bands of Cyzy in the region 400-700 nm is observed to be shifted and
broadened in C7oO[51].

Vibrational frequencies of a molecule are associated with its structure and
symmetry. Normal vibrations of Cgy with corresponding symmetries are ex-

pressed as:

N =2A,+3F, +4F,, +6G, +8H, + A, + 4F, + 5Fy, +6G, + 7H, (2.1)

There are ten Raman active modes (2A, + 8H,) and four Fy, infrared active
modes. Three significant vibrational modes are H,(1), A,(1) and A,(2). Hy(1)
mode is “cage squashing mode” where the molecule is deformed into a rugby ball
shape and back to the spherical form. It is a low frequency mode and possible
five-fold degeneracy of H,(1) mode can be observed due to perturbation. The
A,(1) mode is known as “radial breathing” mode that describes expanding and
contracting of the whole cage. The A,(2) mode is “pentagonal pinch” mode
which is caused by contracting and extending all the double bonds on the Cgg
[52].

In comparison to Cgy, vibrational assignments of C;q cluster is more com-
plicated. The free Cyy cluster belongs to the D5, symmetry group and the 204

normal vibrations classify as [53]:

Q=124 + 9A, + 21FE] + 22F) + 9A + 10A5 + 19E] + 20E3 (2.2)
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The FE; and A}, modes are infrared active whereas the A}, E} and E] are
Raman active. The’ vibrations indicate symmetric and the ” vibrations indicate
antisymmetric with respect to the equatorial symmetry plane. Schettino et al.
correlated the vibrations of Czy with Cgp where A, <+ A} and H, <+ A|+E|+EY
[53]. With the increase of molecular size, symmetry is reduced that results in
the increased number of vibrational frequencies.

When oxygen atom is attached to fullerenes, vibrational symmetry is re-
duced and degeneracy in vibrational frequencies is removed. Vibrational modes
of CgpO can be explained by the removal of degeneracy and the vibrational cou-
pling between the Cgy cages [54]. Both experimental and theoretical calculation
showed an increase number of Raman peaks in Cg oxide [48, 54]. The correla-
tion between the symmetry of the normal modes in Cgy and CgoO is reported

in Table 2.1.

Table 2.1: Normal vibrations in Cgy and Cg0 [5]
Ceo CeoO

Ay

Ty Ay, BB,
Ty Ay, BB,
G, | A1,A2,B1,By
2A17A27B17B2
Au A2

Ty, A1,B1,B,
Ty, A1,B1,B,
Gu A17A27B1aB2
H, | A1,2A,,B1,B,

Raman study of Cgy reported H,(1), A (1) and A, (2) peaks at 270 cm™,
493 em™! and 1467 cm™! [52, 55]. Krause et. al. predicted the vibrational
spectra of CggO, C1900 and Ci99005 where vibrational modes are found to be
splitted and shifted [54]. In his work, five-fold degeneracy in H,(1) mode of
CgoO was predicted. Rao et al. reported the splits at 271 ecm™! and 258 cm ™!
for CgoO due to the reduced symmetry of Cg in the presence of oxygen [43].

In the Raman spectrum, the epoxy group vibrations were expected near 1265
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and between 800 and 900 cm ™! [54]. The shift in the A,(1) and A,(2) modes
were also observed. The shift in A,(2) mode can be considered as the photo-
polymerization of Cg [43].

Due to the presence of m-electron ring current, pristine Cgy and Crg show
purely diamagnetic behaviour and their susceptibilities are independent of tem-
perature [56]. In fact Cyy possess higher diamagnetic property than Cgy. The
larger number of hexagonal ring present in Czy contribute more m-electron rings
current which results in higher diamagnetic susceptibility of Czy. Experimen-
tal study reports magnetic susceptibility (xas) of Cgo to be -3.5x1077 emu/g
whereas Crg has magnetic susceptibility -5.9x1077 emu/g [57, 58]. When the
Cego crystals were exposed to UV light in oxygen, they showed strong evidences
of ferromagnetism [59]. Room temperature ferromagnetism in fullerene treated
by ultraviolet and heavy-ion irradiation are reported [59, 60, 61, 62]. When
the oxygen molecule reacts with fullerene by light irradiation, a pair of C-O~
is formed which has each an unpaired electron. The interaction between these
spins on neighboring Cgg cages is considered as the origin of ferromagnetism in
the molecule. Although oxygen containing Cgy was studied, magnetic property

of C;oO are yet to be explored.

2.3 Endohedral fullerenes

When atoms or clusters are encapsulated in the hollow space of fullerenes is
referred to as endohedral fullerenes [63, 64]. ‘Endohedral fullerene’ concept was
first proposed by Heath et al. in 1985 when they observed magic number feature
m/z = 859 in the mass spectra of LaCls impregnated graphite rod and concluded

that a La atom was encapsulated within the soccer ball-shaped Cgo [65]. Till
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now four kinds of endohedral metallofullerenes (EMFs) are classified: (1) mono-
metallofullerenes; (2) di-metallofullerenes; (3) nitride cluster-fullerenes, and (4)
carbide cluster-fullerenes. In mono-metalofullerenes, only one metal atom(M)
is encaged inside the fullerene and are usually written as M@C,, (2n=80-92).
Atoms listed to the left of the @ symbol are encaged in the fullerenes. These
metal atoms can be encaged by higher fullerenes such as Cro, Cr4, Cgo, Cgo and
Cgs. As the present work is focused on the EMF M@Cyg,, further discussion
will be done according to that.

The first stable mono-metallofullerene isolated in considerable amounts was
La@Cg, [66]. Later, other EMFs MQCgy (M = Ce, Pr, Nd, Sm, Eu, Gd,Tb, Dy,
Ho, Er, Yb and Lu) were prepared using carbon-arc evaporation techniques[67].
Laser photo-fragmentation studies provide strong evidences that metals are in-
side the carbon cage in metallofullerenes[68]. The synchrotron XRD study of
Y@Cgy confirmed that the structure of hollow Cgy changes when atom(M) is
inserted[69]. Theoretical calculations suggest that the M atom is mostly en-
capsulated inside the Cgy isomer with Cs, symmetry [70]. Solvent free La@QCg,
and Dy@Cy, crystal showed a fcc structure with a lattice constant a of 15.78 A
and 15.86 A at 300 K [71, 72]. On the other hand, Eu@Cg, and GdQCg, are
observed to be an anomalous endohedral structure in which the metal atom is
located near the C—C double bond on the opposite side of the Cgy(Cs,) cage

along the Cy axis [73, 74].

2.3.1 Electronic, optical and magnetic properties

When metal ion is inserted in fullerene cage, their isomeric structure becomes
different from those of the corresponding empty fullerene. Electron transfers
from a encaged metal atom to the carbon cage may alter the stability of the
fullerene. ESR spectroscopy provides information on the electronic structures of

the metallofullerenes. ESR spectra of LaQCgy, YQCgy, Ho@QCygy, and Tm@Cgs
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showed low resolved but split hyperfine structure, indicating that the metal
atoms exist in ionic form in the fullerene cage[75, 76, 77]. The nature of the
metal-cage bonding was first observed in La@Cg,[66]. High electron affinity of
fullerenes results a formal charge state of M**@C3, where the metal cation is
encapsulated in the negatively charged carbon cage. Within this model, the
metal-cage bonding is purely ionic. Experimental X-ray diffraction studies and
theoretical calculation confirm the most stable position of metal ion where the
minimum of the electrostatic potential in C3; is found [78, 79]. The concept of
the ionic metal-cage bonding was further understood by theoretical calculations
where it is suggested that the relative stability of the cage isomers drastically
change upon inserting trivalent metal ions[70]. Although, the C; isomer is most
stable for empty Cgs, it becomes unstable when ng is formed. C,, isomer is
found to be most stable for Cg,. Ionic interactions play a vital role both in
stabilizing the endohedral structures and in determining the positions of metal.
DFT and Ab-initio calculation confirm that the La and Gd ion is located at an
off-centered position of Cgy[70, 80].

DFT calculation on GdQCg, confirmed that the addition of Gd into Cgo
slightly lengthens the proximal C-C bond as well as the neighboring C-C bonds
[81]. This deformation results in an energy difference between the Cgy(Cs,)
symmetry structure. Three electrons of Gd(4f75d'6s?) is transferred into the
LUMO and LUMO-+1 of Cgy. LUMO and LUMO+1 of Cgy become doubly and
singly occupied by the transfer of three electrons. Electron transfer between a
Gd atom and Cgs is shown in Figure 2.5.

In EMF's, the metal ions positioned off-center within the cage exhibits strong
metal-cage vibrations. Information of vibrational structures of several metallo-
fullerenes can be unveiled by IR and Raman spectroscopy [82, 83]. In the
vibrational studies of endohedral fullerenes two major types of interactions can

be distinguished: (i) cage internal vibrations (ii) metal-cage vibrations. Lebed-
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Figure 2.5: Charge transfer between Gd and Cgs

kin et al. and Krause et al. reported vibrations due to the encapsulated metal
ions in the cage for MQCgy (M = La, Y, Ce, Gd, Tm) based on IR and Ra-
man measurements, where the EMFs show a metal-cage stretching vibration
between 100-200 cm™!. This region in IR and Raman spectra can be regarded
as a “metal-fingerprint” range of M@QCg,. Large atomic masses of the metal
ions in the cage often lead to low-frequency metal-cage Raman vibrations. In
the low frequency range, metal-dependent modes at 183 cm™'(Y), 163 cm™!
(La), 162 cm™!(Ce), 155 cm™! (Gd) and 151 em™! (Dy) were observed. Theo-
retical calculation for carbon-metal interactions suggests two main vibrational
features of the encaged ion between 40 and 150 cm™?, shifting with the metal
atom mass [82]. The higher frequency mode corresponds to ‘longitudinal’ vi-
brations (stretching) of the metal atom, whereas ‘lateral’ motion (movements
parallel to the cage wall) is assigned by lower frequency vibration. Calculated
vibrational frequencies of La@Cgy below 200 cm™! were reported at 159 cm™!,
30 cm™! and 27 em™! [84]. The longitudinal mode at 159 em™! represents the
displacement of the La cation along the Cy axis while the lateral modes at 27
and 30 cm™! correspond to La displacements along the Cgy cage in the right-left

and out-of-plane directions. Similar method has been used to calculate the vi-

brational frequencies of Ca@QCg,y, Sc@Cyg,y, and YQCg, which are consistent with
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the experimental measurements [82]. Longitudinal metal-cage vibration obeys

00D

Figure 2.6: The structure of MQCgy(M=Gd) and linear oscillator model of
M-Cgy vibration.

simple harmonic oscillator model (Figure 2.6) and the vibrational frequency

can be calculated as:

v(em™) = 1302.1(k/p)"/? (2.3)

where k is the force constant (N em™!) and p is the reduced mass of M-Cgy. k
value is strongly determined by the extent of the charge transfer from the metal
to the cage. The position of encaged ion are extensively related to the valency
of ion and the charge transfer between metal and cage. Thus, the frequency of
the metal-cage stretching vibration may serve as a probe of the metal oxidation
state.

Endohedral fullerenes have attracted broad interests due to the magnetic
anisotropy of lanthanide ions. Magnetic property of mono-metallofullerenes
M@Cs, have been studied by Funasaka et al. and Huang et al.[85, 86]. Their
study revealed that the magnetic moment of encaged ion was reduced in com-
parison to the corresponding free M3 ions. This is because the carbon cage
crystal field and orbital hybridization between metal and cage may partially

quench the orbital angular momentum of the entrapped metal ion. The amount
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of reduction in effective magnetic moment in M@Csg, depend on the orbital an-
gular momentum (L) of the metal ion. As orbital angular momentum increases,
electron orbital of M3t becomes more anisotrpic; hence the quenching effect
will be large. The isothermal magnetization and temperature dependence of a
Curie—Weiss law at low temperature of La@QCgy, Ho@QCg, showed paramagnetic

behaviour [85, 86.

The properties of fullerenes and its derivatives are found to be modified when
pressure and temperature are varied. To understand the structural deformation
and phase transition in the crystal, lattice dynamics of solid under thermal and

mechanical stress are discussed in the next section.

2.4 Raman spectroscopy at high pressure and
low temperature

Pressure and temperature are the fundamental thermodynamic variables. Un-
der mechanical and thermal stress, the equilibrium positions of the atoms in
the lattice are displaced; which results in overall volumetric expansion or con-
traction of the lattice and change in interatomic forces. The changes in the
interatomic forces modify the phonon vibrational frequencies which can be ob-
served using Raman spectroscopy. The relation between the volume of lattice

and its phonon frequency(v;) are expressed as [87]

V; Vv 7

R 2.4

Vio (Vo) (24)
where v is the frequency of the i** phonon for the initial volume Vj. V is the

volume of the solid after expansion or contraction. The Grineisen parameter ~y

is used to investigate the relationship between thermal and elastic properties of
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a solid. The dependence of the phonon frequency on pressure can be expressed

as isothermal mode Griineisen parameter (y;r):

o dlny; AL (2.5)
= \omv ), pr \oP), '
Volume compressibility () is defined as
1 /oV
= (2 2.6
#=-7 (o), 20
vir can also be described in terms of bulk modulus (Br):
BT 8%-
iT = 2.7
" Vi (aP )T 20
oP
Br=-Vy | =— 2.8
r=(Gv), .

The dependence of the phonon frequency on temperature can be described by

isobaric mode Griineisen parameter(y;p):

[ Olny, 1 oy (2.9)
mip = olnV ) ay; \OT P ’
where linear thermal expansion coefficient(«) is expressed as:
1 [ 0Oa
=—-|= 2.10
‘T <6T ) P (2.10)

Under harmonic approximation, v;p = ;7. In reality, phonon frequency shift is
directly related to the thermal population of non-equidistant vibrational energy
levels [88]. Thus temperature and pressure can be attributed to the anharmonic
effect which changes phonon self vibrational potential energy. The temperature

behaviour of the Raman frequency v;(7T') at constant pressure can be expressed
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as [88, 89
vi(T) = vy + AV (T) + Av*™(T) (2.11)

where 1 is the temperature independent harmonic frequency. AvY(T) is the
frequency shift due to the thermal expansion of the lattice and AvA"(T') corre-
sponds to anharmonic phonon-phonon coupling. The contribution of thermal

expansion in the frequency shift is expressed as [89]:
T
AV (T) = volexp(—r / SardT) — 1] (2.12)
0

In anharmonic phonon-phonon interaction, a phonon with frequency v decays
into two (v,,, m = 1, 2) and three (v, n = 1, 2, 3) phonons which are known as
three-phonon (cubic) and four-phonon (quartic) processes. Considering cubic

and quartic decay contribution, AvA"(T') can be expressed as:

1
AT = A 14—
| o) (2.13)
+Bl1+x ! > !
e 1 () - 17

where A and B are the cubic and quartic anharmonic constants. v, and v,
are the frequencies of the phonons involved in the decay channels with energy
conservation of v, = v; + 1 and v, = 11 + V5 + 3. 1, of the phonons involved
in the decay process can be determined by the phonon dispersion curves and
phonon density of states with the constraint to conserve both energy and mo-
mentum in the decay. The Klemens model assumes a symmetric decay of one
optical phonon into acoustic overtones with frequencies v = 1, = 1,/2 and
1 = vy = v3 = 1,/3 on the same branch for the cubic and quartic processes
[90].

Raman linewidth is related to the inverse of phonon lifetime. Dependence

of phonon linewidth with temperature can be explained by considering cubic



CHAPTER 2. LITERATURE REVIEW 25

and quartic anharmonicity which can be expressed as [88, 89, 90]:

th—ph(T) _ th—Ph +C

1
]

exp(f,7
ret (2.14)
+D |1+ X L +2 L
exp(kZ”T) -1 (exp(kZ”T) —1)2
where T2" """ is the temperature independent harmonic linewidth, and the fac-

tors C and D are the line broadening constants which arises from the three
and four-phonon processes, respectively. Thus the temperature dependence of
[Ph=Ph(T) is governed by non-equilibrium phonon occupation. The broadening
of Raman linewidth due to high pressure involves anharmonic process such as
the presence of a pressure gradient, amorphization and creation of defects. Un-
der the applied pressure, the phonon dispersion influences on the decay process
due to the changes in phonon frequencies throughout the Brillouin zone.
Temperature dependence of the anharmonic decay rate of optical phonons in
both single-walled carbon nanotubes and graphite were reported by Chatzakis
et al. using time-resolved anti-Stokes Raman spectroscopy. For both materials,
the decay rate increased with temperature [91]. Thermal effect on Raman fre-
quencies were also reported in Sc;@Cgy and Co@ScyCyy [92]. In Sco@Cyy, with
a decrease in temperature, both blue-shifts and red-shifts in the cage vibration
frequencies were observed, however, linewidth was not reported. In Cb,@ScyCyy
both moderate peak broadening and temperature-induced peak shift were re-
ported. The pressure dependence of the linewidths of III-V semiconductors
was reported which was attributed to the corresponding change in the two-
phonon density of states which affects the anharmonic interaction [93]. Effect
of high pressure on the transformations of ferrocene-filled single walled carbon
nanotubes (FCQSWCNTSs) by Raman spectroscopy was reported where the
distortion in nanotubes was explained by the different charge distribution on

the nanotubes due to charge transfer and the effect from host—guest interac-
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tions [94]. Pressure and temperature dependent shift in vibrational frequencies
of Cg was studied by Tolbert et al. [95]. Below 250 K, the orientation of
Ceo changes and freezing of cage is observed; whereas due to high pressure,
intermolecular interaction increases that results polymerization of Cgy. Thus
accurate measurements of the vibrational frequencies under pressure and tem-
perature provide the required information on bonding properties and intrinsic

anharmonic effects.

2.5 Temperature effect on thermal conductiv-
ity

Heat conduction is the transfer of heat from higher temperature region to lower
temperature of a body resulting in equalizing of temperature. The basic law of
thermal conduction states that the heat flux density ® is proportional to the

temperature gradient AT in an isotropic body:
& = —rAT (2.15)

where r is the proportionality constant which is known as the thermal conduc-
tivity (TC) and is a characteristic of the material. The minus sign signifies that
the temperature decreases in the direction of heat conduction. When 1-D heat

flow is considered along the x direction in the plane, Eq. 2.15 becomes

6="2(1,~ 1)) (2.16)

where ¢ = ®/A, dx is the thickness, and 77 and Ty are the temperatures at two
ends of the body.
The heat transport in solids at high temperatures depends on two mecha-

nisms: the phonon and radiative mechanisms. The first one arises due to the
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vibration of atoms in the crystalline lattice; the second one is due to the electron
transitions between the energy levels in these atoms. In the thermal conduc-
tion of nonmetals, phonon mechanism is dominant. Thermal conductivity is
described as

K o< Crupy, (2.17)

where C}, v, and 7 are the specific heat, group velocity and phonon lifetime,
respectively, of the phonon mode & [96]. At high temperature, anharmonic scat-
tering increases that decrease the phonon lifetime. Reduction in phonon group
velocity and the phonon lifetime due to strong phonon-phonon scattering at
high temperature results in the thermal conductivity reduction. For bulk crys-
talline or amorphous materials x o< 1/T. However,the temperature-dependent
TC of nanostructures are different from bulk materials. Temperature depen-
dent TC of bulk diamond single crystals and ultra-nanocrystalline diamond
(UNCD) was reported [97]. It is found that, unlike bulk diamond single crys-
tals, the TC of UNCD increases with temperature. High temperature phonon
transport in nanostructures can be determined by considering two mechanisms:
scattering at the grain boundaries and the phonon-phonon interaction. L. Bra-
ginsky considered a model to explain high temperature thermal transport in
nanostructure where he showed that below Debye temperature, TC increases
with temperature due to increase of the number of the phonons responsible for
the heat transport; whereas, above Debye temperature, TC is constant [98].
Temperature-dependent TC of single-walled carbon nanotubes (SWCNTSs) in
the temperature range 8-350 K was reported where TC decreased with decrease
in temperature [99]. Gao et al. showed that TC of Cgy and HoOQCg, increases
along temperature gradient. [100]. In addition, the TC of empty Cgo was found
to be reduced when water molecule is encapsulated in it, which suggested that
the encapsulation ion or molecule in the fullerene suppresses the thermal trans-

port through the non-bond interaction with carbon cage. The similar kind of
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reduction in thermal conductivity has also been found in the carbon nanotube
encapsulating with Cgp, GdQCgs and Ery@Cgy [101]. In this thesis, tempera-
ture dependence of thermal conductivity of some doped fullerenes have been

studied (Gd@ng, Dy@ng, CG()O and C700).

2.6 Pressure effect on thermal conductivity

Pressure dependence of TC has been observed in many materials although there
is no direct relationship between TC and pressure. Hence, the effect of pres-
sure on TC can be explained by considering the contribution of thermo-elastic
Griineisen parameter(y) in thermal conductivity. For nonmetallic crystaline
materials, acoustic phonons are mainly responsible for heat conduction. Lat-
tice thermal conductivity due to phonon—phonon scattering was presented by

Glen A. Slack where thermal conductivity was approximated as [102]

M,00?3

k= A72n2/3T

(2.18)

where M, is average mass of an atom in the crystal, n is the number of atoms
per unit cell, §% is average volume occupied by one atom of the crystal and
O is the Debye temperature. A is a constant that depends on 7. On the
basis of Eq. 2.18, the solid should have large number of atoms per unit cell
and large Griineisen parameter to possess a low TC. At high pressure, the
phonon frequency shift is obtained due to the change in phonon self vibrational
potential energy. Hence, the value of Griineisen parameter is modified which
in turn modifies the TC. The variation of the Grineisen parameter with high
pressure was reported for NaCl, Li, Na and K [103, 104, 105, 106]. ZH Fang

established a relation for pressure dependent Griineisen parameter [103]:

-Q/Bo
v(P) =0 (1 + ’Bl;—f) (2.19)
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where By is isothermal bulk modulus and [ is the first-order pressure deriva-
tive of By at zero pressure. The second Griineisen parameter () is a pressure-
independent parameter for a given temperature. Pressure dependence of the
Grineisen parameter in Li, Na, and K near room temperature was studied
where decrease in Grineisen parameter was reported with increasing pressure
[106]. From the Eq.2.18 and Eq.2.19, one can predict an increase in TC when
pressure is increased. Increase in TC of compressed Cgq clusters was reported for
pressure above 0.3 GPa [107]. When Cg is polymerized, new phonon modes
appear which could contribute to heat transport. The compressed fullerene
molecules inside the carbon nanotube peapod structures have been found to
possess 35-55% reduction in their TC [101]. Thus, pressure influences heat
conduction in the material and hence its thermoelectric property can be mod-

ulated.

2.7 Spectroscopic method for thermal conduc-
tivity evaluation

To determine the TC of bulk and thin film materials, the measuring techniques
are generally categorized into two groups: steady state method and transient
method [18]. Transient method usually measures the TC by considering time-
dependent energy dissipation process in a sample. ‘Laser flash’ technique, be-
longs to this group which measures the thermal diffusivity (Dr). By knowing
the material density (p) and specific heat (C,) from separate experiments, the
TC can be obtained by using the equation x = DppC),. Another common tran-
sient method is 3w technique which is extensively used to measure the TC of
thin films. In this technique TC is determined from the temperature depen-
dence of electrical conductivity [108].

In the steady state method, TC can be measured by establishing a tem-
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perature difference which is independent of time. Raman thermography or
opto-thermal Raman measurement technique is an example of the steady state
method for thermal conductivity examination. In this technique, the laser acts
as a heating source that heats the sample surface. Schematic representation
of laser heating profile on the film is shown in Figure 2.7. The local tem-
perature rise in the surface is deduced from the Raman peak shift method.
Being non-destructive and non-contact method, Raman spectroscopy is a pop-
ular technique to evaluate thermal properties of nanomaterials and thin films
(109, 110, 111]. Perichon et al. in 1999 measured the thermal conductivity(x)
of porous silicon using the micro-Raman method by combining the effect of
the temperature-dependent Raman peak shift with the basic equation of the

thermal scanning probe microscopic method [112]:

2L
— 2.2
a TaAT (2.20)

where a is the laser spot diameter, temperature rise AT is due to the heating
effects by the laser power L.

Perichon et al. clubbed the micro-Raman technique with thermal scanning
probe microscopic method proposed by Nonnenmacher and Wickramasinghe
[113]. This combination produces a huge error in measurement as heat sources
in the two methods are different. To reduce the error unsuitability of the
equation, the heat source with Gaussian heat distribution profile was considered
and a new basic equation was derived to establish the relationship between TC
and the laser-induced local temperature rise. [114, 115, 116].

In Raman spectroscopy experiments, the temperature distribution is not
homogeneous in the sample region as the excitation is caused by a Gaussian
laser beam. The beam center on the sample is the hotter region and laser beam

edge is the colder region of the sample. The intensity of the Gaussian laser
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beam is described as

P 2r2

I(r)= e w (2.21)

Tw?
w is the radius at which the laser beam intensity is e~2 times of its maximum
value and r is the radius from the center of the beam in z direction into the
material. P is the total incident power.

When the film thickness is at least one order larger than the diameter of the
laser source, the heat distribution is hemispherical through the film [112, 117].
For the steady-state heat conduction with constant thermal conductivity &, the

general heat transfer equation in cylindrical coordinates is:

10, 0T 10, 0T 0,6 T

;E(WE)Jrﬁ%(%%)Jr@(n&) =0 (2.22)

As we are considering a thin film, the temperature distribution is not changing
in the 6 direction. Hence, the variable 6 can be eliminated from Eq.2.22. Hence

the Eq.2.22 reduces to:

PT k0T T

—— 4z —— =0 2.23
K8r2+r0r+’€8z2 (2:23)

Now energy absorbed per unit volume per sec is
G(r,z) = ae” “ f(r/w) (2.24)

a is the attenuation constant of the beam in the solid. Using the notation

R=r/w,Z =z/w,W = aw Eq. 2.24 becomes

G(r,z) = —e 7" f(R) (2.25)
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For Gaussian beam we take
f(R) = exp(—R?) (2.26)
Temperature rise can be written as
T(R,Z,W) =TnaN(R, Z, W) (2.27)

Tinae is the maximum temperature rise at the beam center(R=0) on the sur-
face(Z=0). N(R,Z,W) is the normalized temperature rise for a finite attenuation

depth W. When W — oo,
N(R, Z,00) = / e Jo(AR)F(N)dA (2.28)
0

For any A, Jo(AR) is the Bessel function of first kind and zeroth order. F(\) is

the Bessel transformation of f(R) where
_ / F(R)Jo(AR)RAR (2.29)
0

The complete solution of temperature rise is

0o We—)\Z _ )\6_WZ
T(R,Z W)= B /0 JOR)F() x 22 (2.30)

where B = aP/27kF(0). Now the temperature rise at the beam center(R=0)

at the surface(Z=0)

T(0,0,W) (2.31)

W+)\

when the beam attenuation is very large (W — o0), all the heat is generated
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in a surface layer. Then

©F(A
7(0,0,00) = B/ LG (2.32)
o W
P o
= d 2.
o [ f(RR (233
P
= 2.34
2\/Twk (2:34)
hence the thermal conductivity x is obtained as:
P
(2.35)

e 2y/mwTise

This is the most conventional equation to calculate TC using spectroscopic

Laser Temperature
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Gaussian
(a) Low (b) laser beam
Wo
Isotherms
Sample film 0
l d
z
Glass
substrate

Figure 2.7: (a) Schematic representation of laser heating profile on the film.
(b) Film in cylindrical coordinate system (r, z)

method. In this work, Eq.2.35 has been used to calculate the thermal conduc-

tivity which will be discussed later.
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Chapter 3

Materials and methods

In this chapter, the description of the materials used in this work are included
and the details of the experimental techniques required for the measurements
are presented. I begin with the synthesis and purification of fullerene derivatives
used for further characterizations. Raman spectroscopy with cooling set up and

with diamond anvil cell(DAC) are described extensively.

3.1 Materials

In this work two kinds of fullerenes derivatives were studied:
e Endohedral metallofullerenes (EMFs): GdQCgy and Dy@Cg,

e Exohedral fullerenes (oxides): CgO and CoO

3.1.1 DyQCg and Gd@QCg,y: preparation

Our collaborators from Nagoya University, Japan, prepared two mono met-
allofullerenes Dy@Cgy, and Gd@QCg,. Both samples were extracted from the
soot obtained by DC arc discharge method [118, 119]. In the obtained soot,
mixture of empty fulerenes along with the structural isomers were also gener-

ated. For the separation and purification of Dy@Cgy and Gd@QCg,, High Perfor-
35
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mance Liquid Chromatography (HPLC) was performed. Dy@QCgy and Gd@QCg,
were purified from various hollow (Cgo—C119) fullerenes by the two-stage HPLC
method[120, 121]. Isolation of Dy@Cs, isomer was also done by the same
procedure. The obtained HPLC chromatograph of Dy@Cg, and Gd@Cg, are

shown in Figure 3.1(a) and (c). To confirm the purified fractions of the met-

(a) 32 (b) 1147
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Figure 3.1: HPLC chromatograph of (a) Dy@Cgy and (c) Gd@QCg,. Positive
mass spectrum of (b) Dy@Cgy and (d) Gd@QCgs,.

allofullerenes, mass spectrometry was carried out on the major fractions, to
measure the molecular weight of the fragments. The positive mass spectra for
Dy@Cg, and Gd@Cgy are shown in Figure3.1(b) and (d). The expansion of the
mass range centred at 1147 m/Z and 1141 m/Z is consistent with the predicted
isotopic distribution for Dy@Cg, and Gd@QCg,y[122, 123].

The purity of isomer specific Dy@Cgy and Gd@Cgy were obtained as >96.5%

and >98.5% respectively which were used for further characterization.

3.1.2 Cg)O: preparation

Cgo of 99.5% purity was imported from SES Research. Cgy was oxidized as
per the method described by Heymann et al. [124]. Pristine Cgy was dissolved

in toluene in a round bottom glass flask. The solution was irradiated with
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UV light using 100 W short arc Hg lamp and simultaneously oxygen gas was
bubbled through the solution. The solution of Cgy in toluene was exposed
to UV irradiation for 3 hr. After photo-transformation, the precipitate was
obtained. The solution was filtered using Whatmann filter paper no. 1 and
dried in ambient condition for 10 days. The obtained product was labelled as
CgoO. To avoid further oxidation, the obtained product was dissolved in CS,
and was used for further characterization. The oxidation of Cgy was confirmed
by room temperature UV-Vis and Raman measurements which will be discussed

Chapter 5.

3.1.3 C70O: preparation

Cro of 99% purity was imported from Reinste NanoVentures. Synthesis of ox-
idized Cry was done by following the method reported by Ko et. al. where
oxidising agent Chromium (VI) oxide (CryO3) reacts with pristine Czy [125].
CryO3 was kept dissolved in acetone for 5 hours and solution was labelled as
solution A. As acyclic ketones are relatively stable to Cr(VI) oxidation, ace-
tone is used as solvent for Cr(VI) oxidation [126]. Pristine C7y was dissolved in
CS, labelled as solution B. After mixing both solution A and B, the resultant
solution was ultrasonicated for 30 minutes using 180 W LABSONIC-M homog-
enizer with 24KHz frequency. The solution was filtered using Whatmann filter
paper no. 1 and the precipitate was dried in ambient condition. The product
was labelled as C;0O. To avoid further oxidation, the obtained product was
dissolved in CS,;. The oxidation of C;y was confirmed by room temperature

UV-Vis and Raman measurements which will be discussed in Chapter 5.

3.1.4 Thin film preparation and thickness measurement

All the samples were dissolved in CS, and were drop-casted into thin-films on

the glass substrate for Raman measurements. The samples were dried on a
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Figure 3.2: Ultrasoncation of Crq using LABSONIC-M homogenizer.

10 mmx 10 mm glass slide by the drop-casting method to make a thin film.
The thickness of the thin films was determined by the ‘fringing effect’ of
the FTIR spectrum [127, 128]. The fringing effect originates from constructive
and destructive interference of the IR beam from the parallel surfaces of the
sample. When constructive interference occurs, the condition for interference

maxima can be written as:

2nt = kA (3.1)

Refractive index of the material is n, A is the free space wavelength of the
radiation being detected and k£ is an integer. There are only certain values of %
for which constructive interference takes place. The difference between the two
values of k£ and k; corresponding to two wavelengths A and A; is the number of
cycles of maxima in the recorded spectrum. The difference between k and k;
by counting cycles of maxima

1 1
k—Fk = Qnt(x — )\—) =2nt(v — 1y) (3.2)
1

k — ky=N 1is the number of fringes in the spectral range v — v;. From this

fringing effect, the thickness () of the film can be calculated using the following
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equation:
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Figure 3.3: FTIR spectrum of Cg film by drop-casting method showing “fring-
ing effect”.

In the spectrum shown in Figure 3.3, we selected starting and ending points
in the spectrum of 1893 and 1918.6 cm™! and the number of fringes within this
spectral region were 6. Refractive index of Cgp=2.2 [129]. The thickness of the
fullerene films for one drop prepared by drop casting method were calculated
by ratiometric measurement. The thickness of CgO and C;oO were found to
be ~ 0.32 mm; whereas the thickness of GAQCgy, and Dy@Cgy was found to be

~ 0.37 mm.

3.2 Experimental techniques

3.2.1 Raman spectroscopy

Raman scattering is a powerful tool that is sensitive to the vibrational features

of nanostructures. This section delivers an overview to the basics of Raman
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scattering and presents the theoretical considerations associated with instru-
ment design.

Light scattering process is mainly categorized as elastic and inelastic scat-
tering. When light scatters with the same energy as the incident wave, it is
known as Rayleigh scattering. When the emitted photon has a different en-
ergy compared to the incident light, it is known as Raman scattering. In 1928,
Dr. C V Raman observed a shift in frequency of the spectrum of scattered
light compared to incident light during his experiment [130]. The frequency

shift(Av) can be calculated as:

1

Av(em™) = ( ) x 1077 (3.4)

)\ez Raman

wavelength of excitation source is A.; and Argman is the wavelength of Raman
scattering in nm.

In the classical theory of Raman Effect, the interaction of molecules under
the incident radiation of electric field (E) is considered. When a beam of radia-
tion described by an electric field E interacts with the sample, it induces electric
dipole moment P = aE which deforms the molecules. Molecular deformation
is determined by molecular polarizability («). In presence of beam radiation,

each molecule will suffer electric field as

E = Eysin(2nvt) (3.5)

where v is the radiation frequency. Thus, induced electric dipole moment P
= aFysin(27vt). In order to be Raman-active, the molecule must possess a
molecular bond with polarizability that varies as a function of interatomic dis-
tance. The variation of the polarizability during the vibrations of the molecule

can be expressed as considering the first order Taylor expansion with respect
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to the coordinate q; of vibration:

do
a=ap+ . (3.6)

coordinate ¢; can be written as, q;=qo sin(27v;t). vy is vibration of frequency
which changes the polarizability. Then, the induced electric dipole moment
becomes

d
P = aFEysin(2wvt) + d—aEOqO sin(27mvypt) (3.7)

7

Using the trigonometric identity, Eq. 3.7 becomes

P = aFEysin(2wvt) + %Z—:quo coS 2T (V — Vyip)t — %Z—:quo cos 27 (V + Vi)t
(3.8)
Eq. 3.8 indicates that induced dipole moment of the molecule oscillates with
the frequency v, v — vy, and v + 1. It is noted that if j—;:() then the dipole
oscillates at incident radiation frequency only. Hence, in order to be Raman-
active, change in molecular polarizability during the vibration is necessary.
The first term of Eq. 3.8 represents the Rayleigh scattering, whereas the
second term with frequency v — v, corresponds to Stokes Raman scattering
and finally the third term with frequency v + v,; corresponds to anti-Stokes
Raman scattering. Both the Stokes and anti-Stokes Raman scattering are in-
elastic scattering which can be explained in terms of energy transfer between
incident radiation and scattering molecule. In case of Stokes scattering, molec-
ular phonon gains energy during the interaction of incident photon whereas in
anti-Stokes scattering molecular phonon loses energy during scattering. The
energy loss or gain is equivalent to the energy difference (AE) between two in-
volved energy states. When a molecule gains energy photons will be scattered

with the frequency v — AE/h and when the molecule loses energy, photons will

be scattered with the frequency v + AE/h. A schematic representation of the
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Figure 3.4: Schematic representation of energy diagram for the Raman scatter-
ing.
Raman effect is shown in Figure 3.4.

Stokes lines involve the transitions from lower to higher energy vibrational
levels and therefore, Stokes lines are more intense than anti-Stokes lines and
hence are measured in conventional Raman spectrometer [131, 132]. At room
temperature, the ground state of the molecule is most populated. Hence, the
intensity of Stokes scattering is expected to be large. When temperature in-
creases, population in the excited state is higher than the ground state. Thus
the intensity of anti-Stokes scattering increases with increasing sample temper-
ature. The intensity ratio of the Stokes and anti-Stokes scattering was deter-

mined as [133]:

Tstokes _ UV — Vyip 46(thib/kBT) (3 9)
]anti—Stokes v+ Voib

Spectrometer details
Micro-Raman spectrometer usually consists of:

e A monochromatic excitation source (laser)

e An arrangement for illuminating light on the sample and collecting the

scattered light (optical microscope)
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Figure 3.5: Schematic diagram of Raman experimental setup.

An arrangement of filtering out strong Rayleigh light and allow the small
fraction Raman scattered light to reach the detector (holographic ‘notch’

or dielectric ‘edge’ filters)

Diffraction grating for splitting the Raman scattered light into different

wavelengths

A light-sensitive device for detecting the spectrum

A computer to control the instrument and analyse and store the data

Figure 3.5 shows the layout of a Raman microscope and the schematic dia-
gram of the instrument. Raman experiments described in this thesis were per-
formed using a Renishaw inVia RM-2000 Spectrometer and Jobin Yvon Horibra
LABRAM HR-800 spectrometer. Horibra LABRAM HR-800 spectrometer was
used to perform low temperature Raman measurements; whereas, laser power
and pressure induced Raman measurements were carried out by Renishaw inVia
Spectrometer.

Two excitation sources of wavelength 514.5 nm (Ar ion laser) and 785 nm
(He-Ne laser) were used in Renishaw inVia RM-2000 Spectrometer. For 514.5
nm excitation, 2400 1/mm grating was used and for 785 nm excitation, 1200

l/mm grating was assigned in the instrument setup [134]. In Horibra LABRAM
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HR-800 spectrometer,two excitation sources wavelength 488 nm with 600 1/mm
and 632.8 nm with 1800 1/mm grating were used for the measurements. For
sample illumination and collection of scattered light, Leica optical microscope
with 50X was used objective during all the measurements. The microscope
objective plays a key role in increasing the spatial resolution, by focusing the
laser to a small spot size and thus, maximizing the collection efficiency of the
Raman scattered light. In order to obtain high signal-to-noise ratio in Raman
measurements, it is necessary to block Rayleigh scattering from reaching the
detector while transmitting the Raman signal. Raman notch filter is used in
the optical path of scattered light to block the Rayleigh signal. The filtered
Raman light is collimated by the collection mirror and directed towards the
diffraction grating where the scattered light is split into different wavelengths.
The efficiency of diffraction grating depends on the wavelength of light and
diffraction order in which the grating is operated. The spread-out of the spectral
domain across the focal field of the spectrometer is defined by linear dispersion

[135]:
dx  knf
d\  cosf

(3.10)

where f is the focal length of focusing mirror, [ is the angle of the diffracted
light of wavelength A, k is the diffraction order and n is groove density of
the grating. The extent of wavelength domain of a spectrometer is inversely
proportional to the dispersion of the grating due to its fixed geometry. The
decrease in the groove density lowers the dispersion and increases wavelength
coverage detector. However this leads to lower spectral resolution.

Raman scattering is very weak and therefore tends to require long integra-
tion times in order to collect enough photons to measure a discernible signal.
Being photosensitive silicon device, Charged Coupled Device (CCD) is used
as a detector to collect Raman signal. The selection of correct CCD strongly

influences the performance of the instrument. CCD performance is represented
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by quantum efficiency which is defined as the percentage of detected photons
out of the total of incoming photons. The detector sensitivity can be enhanced
when the Raman shift region overlaps with the region of maximum quantum

efficiency of the CCD detector.

Laser and power specification for the instrument

Since Raman spectroscopy is based on the ability to measure a shift in frequency
(or wavelength), it is essential that the laser frequency (or wavelength) is ex-
tremely stable and does not mode hop, since this will cause errors in the Raman
shift. In pursuit of the ideal excitation wavelength (\.,) few factors should be
taken into account. Excitation efficiency is one of the important factors to
choose excitation wavelength. Raman scattering efficiency is inversely propor-
tional to A}, [136]. This is why shorter excitation wavelengths are preferable
for Raman measurements. However, a drawback of using shorter wavelength
excitation is it enhances florescence in the sample, particularly for organic sam-
ples or biomaterials. Fluorescence can be significantly reduced by using near
infra-red (NIR) excitation, but this also reduces the Raman signal significantly.
Being weak fluorescent, inorganic materials, carbon nanotubes and fullerenes
are generally studied with 488-532 nm laser excitation.

Excitation wavelength and power play a significant role in sample degra-
dation. Longer excitation wavelength heats the sample very fast that causes
sample damage. Generally, during Raman measurements the laser beam causes
local heating effect on the surface of the sample which increases the surface tem-
perature. To avoid sample burning or degradation, Raman measurements were

performed below 2 mW in this work.
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Laser spot size measurement

In laser power dependent Raman experiment laser spot size plays as an im-
portant role in surface heat distribution. The size of the focused laser beam is
limited by diffraction and dependent on the excitation wavelength. For uniform
illumination of the lens, the laser beam spot has the Airy disc intensity profile.
The ideal laser focused spot (Airy disk diameter) using any optics is determined

by the following equation [136]:

a=122xA/NA (3.11)

where ) is excitation wavelength and NA is effective numerical aperture of the
objective. It is important to note that the objective used to deliver the laser
light affects the laser energy density. The relative energy density and peak
power for the 5X, 20X and 50X objectives are shown in Figure3.6. The peak

energy density decreases by 50% for the 20X and 87% for the 5X objective [3].

1.2
50X(0.75) 20X(0.40) 5X(0.10)
0.8 -
06 1
0.4 1
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Relative energy density
=,

0.2

Distance (micron)

Figure 3.6: Diffraction limited focus for 5X, 20X and 50X objectives calculated
for 514.5 nm excitation (reprinted from ref.[3])

The actual laser beam diameter depends upon the beam quality (M?) and
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alignment of the optics. M? parameter indicates how close the experimental
laser beam is to the perfect Gaussian beam. When M? parameter is 1 for
Gaussian beam and the aperture of the lens is illuminated more uniformly, the
laser beam can be focused to the diffraction limit. In reality, M? parameter
is generally > 1, thus minimum beam radius will be larger by the M? factor.
Generally Gaussian beam diameter is measured at 1/e? intensity point which

is called the beam waist. M? can be determined as [137, 138]:

_ dOReR

M2
dob

(3.12)

where dyr and 0 are the beam diameter at beam waist and far-field divergence
of the real beam. dyy is the theoretical Gaussian beam diameter and 6 is theo-
retical diffraction—limited divergence. The excitation source used in the Raman
spectroscopy is a Gaussian laser beam. In this work Gaussian beam diameter
is evaluated from the image of the focused laser spot on the sample surface us-
ing a calibrated camera mounted on the microscope. The cross-sectional beam
profile of 514.5 nm and 785 nm excitation laser spots were plotted using ImageJ
software. After fitting with the Gaussian function, beam diameters at beam
waist were determined for both the excitation source. Gaussian beam profile
for 514.5 nm and 785 nm excitations are shown in Figure 3.7. Beam diame-
ter dy was found to be 3.6um and 7.7pm for 514.5 nm and 785 nm excitation

respectively.

3.2.2 Raman spectroscopy with heating/cooling setup

Temperature dependent Raman experiments reported in this thesis were per-
formed using a Micro Raman system from Jobin Yvon Horibra LABRAM-HR.
50X objective was used for low temperature measurements and the spectral

resolution was of the order of 1 ecm™!. The Raman spectrometer with temper-
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Figure 3.7: Gaussian beam profile of 514.5 nm and 785 nm excitation laser
spots. The insets show the image of the respective laser spots acquired using
50 X objective on the Raman microscope.

ature control setup is shown in Figure 3.8. Linkam THMS 600 heating/cooling
microscope stage (Figure 3.9) was used to vary the temperature of the sam-
ple during measurements. This temperature variable microscope stage allows
a temperature range of 77 to 900 K. All temperature dependent Raman mea-

surements were performed for this work by varying temperature from 300 K to

80 K.

Figure 3.8: Temperature regulator system attached with Raman spectroscopy

To view the sample using transmitted light it requires a long working dis-
tance condenser lens. The objective lens working distance for the THMS600
stage was 4.8 mm [139]. Samples were loaded onto a 0.17 mm thick coverslip and

were positioned on a highly polished pure silver heating element that helped



CHAPTER 3. MATERIALS AND METHODS 49

in excellent heat transfer and extremely sensitive temperature measurement.
Pt100 platinum resistor sensor provided stable temperature signal with 0.01°C
accuracy. The sample cell on the stage was covered with quick-to-fit gas ports
so that sample atmosphere can be controlled by gas flow and condensation was

eliminated by dry nitrogen gas purge supplied by the LNP95 cooling pump.

Figure 3.10: LNP95 liquid nitrogen cooling pump connected to THMS600 stage

The LNP95 cooling system shown in Figure 3.10, consisted of the 2 liter Dewar
and a control unit housing the pump. The precise control of liquid nitrogen
flow permits specific stages to be controlled at cooling rates from 0.01°C/min
to 100°C/min. Recycled dry nitrogen gas was used to purge the sample cham-
ber and clear the upper lid window surface of condensation. The thin silicon

capillary tube should be kept pointing upwards as it carries exhaust nitrogen
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gas and is used to prevent the blurring of the top of the window on the stage

lid [139].

3.2.3 High pressure experiment

Under normal conditions, solids exhibit a particular crystal structure for which
the total energy is minimum. However, on the application of high pressure
the atomic arrangement in solid changes resulting in a change in interatomic
distance and hence crystal structure is distorted.

Studies of materials under extreme pressure were made possible by the com-
bination of the diamond anvil cell (DAC) technique and the pressure calibration

based on ruby fluorescence method. The primary components of DAC are:
e Diamond anvil
e Gasket
e Pressure transmitting media
e Pressure calibrant

The basic principle of the DAC is shown in Figure 3.11. When pressure is
applied by forcing the diamonds together, the gasket gets compressed between
the anvils and very high pressure is formed on a sample loaded in the gasket

hole filled with a pressure transmitting media.

Diamond anvil cell

There are two reasons to use diamond for anvils : (i) it is the hardest existing
material and (ii) considerably transparent to electromagnetic radiation over
IR, visible, UV and X-ray (above 10 keV). For Raman spectroscopy and other

sensitive optical techniques, diamonds should be selected for low fluorescence.
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Figure 3.11: Schematic diagram of high-pressure Raman spectroscopy experi-
mental setup.

For high-pressure experiments, diamonds with the brilliant cut (cut of a
diamond represents the number and type of facets) have an enlarged culet
surface. The maximum pressure is related to the culet diameter (Figure 3.12).
The culet-pressure ratio can be calculated, knowing the mechanical properties

of diamond and depending on the type of dislocations:

By =2/(1+20)\/2/E/n(1 - )¢,

where, P, represents the mean pressure under an indenter before the brittle
fracture of diamond, v is the Poisson ratio, F is the bulk elastic modulus, ~
represents the surface energy and ¢y is a characteristic size of defects developed
140, 141, 142].

Maintaining proper alignment of diamond anvils is very important to achieve
the highest possible pressures. Both anvils must be 100% parallel and have
equal coincident diameters. Possible misalignments in any DAC are (1) lateral
misalignment (2) angular misalignment. Both of them are demonstrated in
Figure 3.13. To adjust the positions of anvils, four screws with micrometer
threading are provided in the platens. Therefore the coincidence between both

anvils can be easily achieved by adjustment of these four screws [140]. Proper
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Figure 3.12: Pressure generated in the DAC as a function of culet diameter
shows maximal working pressure achievable by respective culet diameters for
brilliant cut diamonds(Reprinted from the ref. [4])

alignment checking of two diamond anvils in the cell has been done which is

shown in Figure 3.14.

—_——

6

(a) (b)

Figure 3.13: (a) Lateral misalignment, (b) Angular misalignment of diamond
anvils

High-pressure measurements were performed with EasylLab Diacell Lever-
DAC Maxi diamond anvil cell. In this cell high pressure was applied to a sample
by forcing two diamond anvils together along the common axis. One diamond
was mounted on a plate set into the base of cylinder. The opposing diamond
was mounted on a hemisphere which was lapped into a piston. The piston

was lapped into the cylinder, the complete assembly being called the “central
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Figure 3.14: Alignment check of two diamond anvils in the cell

insert”. The force is generated in the cell by the lever-arm mechanism. Figure

3.15 shows the DAC used for our high pressure investigations.

Figure 3.15: EasyLab Diacell LeverDAC Maxi diamond anvil cell

Gasket

The importance of using gasket is to offer an encapsulated chamber in which
the pressure transmitting media is confined to apply hydrostatic pressure to
the sample crystals. Moreover the gasket isolates two anvils from getting into
direct contact during the experiment and prevents them from damage due to
the enormous shear forces at the anvil tips. The gaskets are generally prepared
from metal foil of thickness 250-300 pm. The materials most commonly used
are stainless steel, Ni-Cr-Fe alloy, tungsten or rhenium. Stainless steel gaskets

are readily available, cheap and easy to drill while rhenium and tungsten are
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more robust and able to withstand experiments in the Mbar range, or high
pressure/high temperature experiments. Typically, the initial thickness of the
gasket is 200 to 300 pm.

In order to avoid deformation during the compression, gasket is pre-indented
between the anvils. After pre-indentation, a hole is formed by drilling at the
centre of indentation area and its diameter is chosen according to the culet size.
The size of the hole depends on the size of the culets and the type of pressure-
transmitting medium. On average, the diameter of the hole should not exceed
60% of the culet diameter. A perfect gasket hole improves the stability of the

experiment.

Pressure calibration standard

The pressure measurement in the diamond anvil cell was done using the ruby
fluorescence technique. Ruby is a variety of corundum (a—AlyO3) doped with
trivalent chromium (Cr®T). When corundum is doped with chromium, Cr3*
ions substitute AI**. Cr3" has larger ionic radius than AI** that leads to a
small expansion in the host lattice. Under laser excitation, strong luminescence
in the shape of the doublet is observed as Ry and R; lines with wavelengths
at 694.25 nm and 692.74 nm respectively (at 300K). Fluorescence is emitted
due to electronic transition between ground state *A, metastable low energy
’E excited state of Cr*T in distorted lattice [143, 144].

Ruby does not undergo a phase transition under pressure and room tem-
perature. Under pressure, the ruby doublet exhibits a red shift, which under
hydrostatic conditions is linear up to 150 GPa [145]. Pressure can be determined
from the wavelength of Ry line, according to the recalibrated ruby pressure scale

by Mao et al. (1986) [146]:

P =1904((A\(p)/Xo)? — 1)1/B (3.13)
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Figure 3.16: Spectrum of the ruby luminescence in the DAC . Ruby Rga-line
shifting at high pressure

where A is the measured Ry wavelength at pressure P and )\j is the position
of the Ry line in ambient conditions, B is an empirically determined coeffi-
cient. For hydrostatic conditions B was found to be 7.59 + 0.04 cm™'/GPa
by Piermarini et al. and corrected by Mao to 7.665 + 0.04 cm~! /GPa and for
non-hydrostatic conditions B was 5 [147, 148]. The precision of the pressure
measurement also depends on the size, shape and the degree of crystallinity of
ruby crystals. The most commonly used micro-crystal chips have considerable
internal elastic strain. The ruby fluorescence spectrum in the DAC at applied

pressure is shown in Figure 3.16.

Pressure transmitting media

For high-pressure experiments it is essential to confirm that the force exerted to
the sample is homogeneous and that the sample is free of any differential stress
or shear strain. For homogenous distribution of pressure, the crystal within
the pressure chamber should be immersed in a pressure transmitting medium
(PTM) having hydrostatic behaviour. Nonhydrostatic stress leads to significant

broadening and shifts in the position of the vibrational peaks from the sample



CHAPTER 3. MATERIALS AND METHODS 56

and can also promote or suppress phase transitions [149, 150].

PTM used for the high pressure experiments can be solid, liquid or gaseous
but in any case, they must not react with the sample during the experiment.
Usually, alkali-halides (e.g. NaCl) are used as solid pressure media. Hydrostatic
pressure produced by this media is realized in a very small pressure region (1
GPa). One of the most commonly used pressure media for high pressure studies
is 4:1 methanol:ethanol mixture. which is (quasi)hydrostatic up to 9.8 GPa [6].
When the media is diluted with distilled water so that the methanol : ethanol
: water are in the 16 : 3 : 1 ratio, hydrostaticity is increased to 14.5 GPa [7].
Inert gases are reliable to produce good hydrostatic pressure at room tempera-
ture. The hydrostatic limit pressures at room temperature were determined to
be 16, 2 and 70 GPa for neon, argon and helium, respectively [7]. The reported
hydrostatic pressure limit of some commonly used pressure media are tabulated
in Table 3.1. In this work the generated pressure was observed on ruby lumines-

Table 3.1: Maximum pressure limit of commonly used pressure media before
shear stress overrides quasi-hydrostatic conditions[6, 7, §]

Medium Hydrostatic pressure limit (GPa)
Glycerol 1.4
silicon oil <2.0
Argon 2.0
Water (distilled) 2.2
Nitrogen 3
[sopropanol 3.9
Glycerine: water (3:2) 5.3
Methanol 8.6
Methanol:ethanol (4:1) 9.8
Methanol:ethanol:water (16:3:1) 14.5
Neon 16
Xenon 95
Helium 70
Hydrogen 177

cence peaks using methanol:ethanol (4:1) and methanol:ethanol:water (16:3:1)
solution to find suitable pressure media for further experiments (shown in Fig-

ure 3.17). When pressure was applied, the ruby immersed in methanol:ethanol
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Figure 3.17: Ruby luminescence at different pressure at room temperature using
(a) methanol:ethanol (4:1) and (b) methanol:ethanol:water (16:3:1) as pressure
transmitting medium

media show R; and Ry lines shifted with large broadening. The broadening
of the ruby R line reflects both the inhomogeneous pressure distribution and
uniaxial stress pressure. When methanol:ethanol:water mixture was used, ruby
Rs peak shift was observed with very less broadening which signifies homoge-
neous pressure distribution. To achieve homogeneous pressure distribution in
the sample, high pressure study was carried out using methanol:ethanol:water

(16:3:1) pressure media.

Instrumentation and experimental conditions used in this study

The high-pressure Raman measurements were performed with the EastLab Di-
acell LeverDAC Maxi anvil cell equipped with 1 mm diameter culet and stain-
less steel gasket having 0.25 mm thickness and 0.5 mm diameter hole in it.
A mixture of methanol:ethanol:water in the ratio 16 : 3 : 1 was used as the
pressure-transmitting medium. Ruby chips were positioned next to the sam-
ple and the pressure was evaluated from the shift of the R; photoluminescence
peak of ruby chips. High pressure Raman measurements were performed using

514.5 nm excitation source with 50X objective.

3.2.4 Ultra-Violet-visible (UV-vis) spectroscopy

Absorption of ultraviolet and visible radiation is related to the excitation of

electron in atoms and molecules. When a molecule absorbs UV radiation of
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frequency v, the electron of the molecule transit from lower to higher energy
level. When the energy matches the electronic transition within the molecule,
a fraction of light energy is absorbed by the molecule and the electrons are
promoted from HOMO to LUMO. This results in the absorbance of light. The
spectrometer records the degree of absorption by the molecule and provides
absorption spectra as a function of wavelength (). Absorption wavelength be-
comes larger when HOMO-LUMO gap is small and vice versa. The absorbance

of light by the molecules in the solution is described by Beer-Lamberts law:

A = ebe (3.14)

where € is the molar absorbtivity, b is the path length of the sample and c is
the concentration of the sample in solution. Molecules undergo four type of

electronic transition

l. m==n*
2. n=nmx*
3. n=oc"

4. 0 => o*

only m = 7" and n = 7" transitions occur in the UV-vis spectral region.
The transition between the electronic states is shown in Figure 3.18. UV-vis

spectrometer usually consists of:

e Source: Spectrometer has the deuterium lamp and tungsten- halogen
lamp as excitation sources. Deuterium lamp emit radiation in UV re-
gion while tungsten lamp is useful for visible and Near Infra Red (NIR)

measurements.

e Monochromator: As the radiation source enters into the monochromator,

the beam is focused onto the diffraction grating and collimated beam is
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Figure 3.18: Schematic diagram of electronic transition states in a molecule

split into its component wavelengths. Radiation of one particular wave-
length is allowed to pass through the slit and splits into two halves as it

passes a set of mirrors.

e Sample: Transparent quartz cells are used to hold the sample solution
and the reference solvent. After beam splitting,one half passes through

the sample cell and the other through the reference cell.

e Detector: Photomultiplier tubes are generally used as UV-vis spectrom-

eter detector where both the beams are fed.

e Computer: The detected information is analysed by the computer to get

the output.

Perkin Elmer Lambda 750 spectrophotometer was used for the UV-vis measure-
ments. The samples were prepared in CSs. For the spectra analysis, absorption

peaks were fitted with Gaussian peak profile.
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Chapter 4

Effect of temperature on

Gd@ng and Dy@ng

4.1 Introduction

In order to understand the metal-cage interactions in EMFs and their spec-
troscopic, magnetic, and structural properties, the knowledge of electron dis-
tribution in the fullerenes is important. When metal is encapsulated into
the fullerene cage, charge transfer occurs between the inner species and the
cage. Due to thermal stress, charge transfer from the encaged species to the
fullerene cage may modify that leads to change in their molecular structure
and properties. Temperature-dependent Raman frequencies in Sco@Cgy and
Cy@ScyCygy were done by some research group where moderate peak broaden-
ing and temperature-induced peak shifts were reported [92, 151]. It was also
reported that in lanthanides (Ce, Yb) doped crystal, the valency of ion varies
with temperature and magnetic field [152, 153, 154]. However, variations in
intramolecular interactions and the oxidation state of the doped ions in M@QCg,
with temperatures have not well established till date. Any change in the inter-

action between the metal ion and cage may affect the phonon frequencies, their

61
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line widths, and the thermal conductivity of the fullerene.

In this chapter, the effect of temperature on magnetic and vibration prop-
erties of GAQCgy and Dy@Cg, have been discussed. In addition, we have also
presented the thermal conductivity measurements of the thin films of Dy@Cg,
and Gd@Cg, fullerenes using both temperature and laser-power dependent Ra-

man spectroscopy.

4.2 Temperature effect on oxidation state

In ambient conditions, in Gd@QCyg,, Gd is found in its 3+ oxidation state, trans-
ferring three electrons to the Cgy cage whereas Dy in Dy@Cg, has the oxidation
state between 2+ and 3+ [82, 155]. Gd*" has a half-filled 4f orbital shell. The
orbital contribution to the total magnetic moment of the ion is negligible due
to zero orbital angular momentum L. On the other hand, Dy@Csg,, having large
orbital angular momentum (L=5) shows ferromagnetic interactions between the
metal centers at low temperature. Magnetometry studies have been previously
performed on Gd@QCgy and Dy@Cyg, in the temperature range 2-300 K by other
research groups [86, 156].

The magnetization (M) of the particles under the influence of an applied

field H can be described by the equation:
M = M,Bj(x) (4.1)

where saturation magnetization, My = ngJpup. In this study, the experimental
isothermal magnetization of Gd@QCgy and Dy@Cg,([86]) are fitted with the Bril-
louin function which is governed by J, total angular momentum, and g, Lande

g-factor. The Brillouin function Bj(x) is defined by

2/ 41
2

(2J+ 1)z 1 x
57 gpeothlyyl

Bjy(x) coth|
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n is the number of magnetic ions per unit volume and z = gupH/(kgT). The
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Figure 4.1: Isothermal magnetization as a function of H/T at different temper-
atures for GdQCgy

normalized magnetization M /M; as a function of H/T at different temperatures
are shown in Figure 4.1 for Gd@QCg,. In general, for an isotropic paramagnetic
material like Gd@QCgy, g=2 is considered. By fitting the isothermal magneti-
zation data with the Brillouin function B;(z), total angular momentum J is
obtained by using Eq. 4.1 and Eq. 4.2. The obtained J value are plotted at
various temperatures(4-300 K) in Figure. It is marked from the Figure 4.2 that
J is constant and equals to 3.5 above 15 K for GdQCg, revealing that above
15 K, L=0 and J=S=7/2.

Similarly, isothermal magnetization data of Dy@Cg, for different tempera-
tures are shown in Figure 4.3 and fitted with Brillouin function B,(x). The
obtained J values for corresponding temperature is shown in Figure 4.4. It is
found that J is constant (=3.7) above 40 K for Dy@Csg,. When the oxidation
state of the ion and hence the charge transfer from the ion to cage changes,the
orbital anular momentum (L) and spin angular momentum (S) also vary. This
in turn varies the J(J=L + 5). As the J value is invariant above 15 K

for GdQCgy and 40 K for Dy@Cg,, it indicates that the oxidation states of
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Figure 4.2: Dependence of total angular momentum J of GAQCg, as a function
of temperature.
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Figure 4.3: Isothermal magnetization as a function of H/T at different temper-
atures for Dy@QCgs
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Figure 4.4: Dependence of total angular momentum J of Dy@Cg, as a function
of temperature.

the encaged ions are also invariant above these temperatures. Although the
magnetometry studies show no variation in the oxidation states and hence in
intra-molecular interactions in these EMFs above 40 K, the inter-molecular in-
teraction is expected to vary under thermal effects. In the later section, thermal
effect on inter as well as intra-molecular interactions of GAQCgy and Dy@Cgs

were examined using Raman spectroscopy.

4.3 Thermal effects on Raman spectra

Raman spectroscopy is used to investigate the molecular vibrations by probing
the transition between the ground state and the excited vibrational states.
The frequency of a transition directly depends on the reduced mass of the
atoms involved in the motion. Therefore, smaller the reduced masses leads
to higher are the vibrational frequencies. The dependence of the energies of
the vibrational states of molecules can be illustrated by the simple harmonic
oscillator model [82]:

1 k

(=) (4.3)

V(Cm_l) = 2—7_‘_0 L
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where k is the force constant (N-cm™') and p is the reduced mass of the atoms
involved in the motion.

As mentioned before, two kinds of vibrations are reported in the EMFs
(a) Raman shifts below 200 cm™! attributed to metal-cage vibrations and (b)

Raman shifts above 200 cm™*

assigned to the cage internal vibrations. Due
to large atomic masses of the metal ions, metal-cage Raman vibrations are
expected between 100 to 200 cm™!. General temperature behavior of the Raman

frequencies(v) can be defined as [157, 158]

v(T) = vy + xrT + x217 (4.4)

where v is the frequency at absolute zero and yr is the first order tempera-
ture coefficient containing thermal expansion and anharmonic contribution to
the energy shifts. The higher order coefficients(xz) will neglected for the low
temperatures thermal analysis as discussed in this work.

In order to understand the observed temperature dependencies of the Ra-
man linewidth, it is necessary to consider the origin of the Raman scattering
in terms of phonon-phonon and electron-phonon interactions which limit their
lifetimes. In a perfect crystal, the linewidth, I', associated with phonon is
determined by its interaction with other elementary excitations such as other

phonons or electrons. The linewidth can be defined by

[ = [Ph-ph 4 Tel=ph (4.5)

where I'P"~P" is line broadening due to the interaction of the phonon with other

phonons (anharmonic phonon—phonon coupling) and T'“"P" is the linewidth

contribution due to with electron/hole (electron-phonon(el-ph) coupling).
Phonon lifetimes can be estimated using full width at half maximum (FWHM)

of the Raman peak. Due to increased interaction of the phonons with the other
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elementary excitations,the phonon lifetime decreases which results in an in-
crease in FWHM values.

The lattice vibration characteristics of GA@QCg, and Dy@Csg, films were stud-
ied by Raman scattering measurements in the temperature 80-300 K. Thermal
variation of Raman shifts and the linewidths are examined in the following

section.

4.3.1 Thermal effects on Raman spectra of GdQCsy,
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Figure 4.5: Room-temperature Raman spectra of GdQCgy obtained with exci-
tation wavelength 633 nm and 785 nm.

Room temperature Raman spectra of Gd@QCg, are observed when excited
with 633 nm and 785 nm laser. In Figure 4.5, the spectra are illustrated in the
energy range 100 and 500 cm~!. When 785 nm laser excitation was used, we ob-
tained four distinct peaks at 154.4(1), 217.3(3), 350.5(1) and 429.7(1) cm™*. Al-
though only two distinct Raman peaks were visible at 155.4(2) and 352.2(1) cm™!
when 633 nm laser excitation was used. In both cases, metal-cage vibration of
Gd@Cg, was found near 155 cm™! which is evident from the earlier report [82].

Above 200 cm~! the observed peaks are attributed to cage internal vibrations
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in GdQCgsy.

To understand thermal effects on metal-cage and C-C interactions in the
cage, the temperature dependent Raman spectra of Gd@QCg, are obtained using
633 nm laser excitation in the temperature range 80-300 K is shown in Figure
4.6. Upon lowering the temperature to 90 K, it was observed that both Raman
peaks at 155.4 and 352.2 cm ™! were blue-shifted and observed at 163.6(0.5) and
354.8(0.1) em™!. At 80 K, 352.2 cm ™! peak became indistinct and 155.4 cm™!
was further blue-shifted to 163.7 cm™!. The thermal variation of the peak
positions at 155.4 and 352.2 cm™! are illustrated in Figure 4.7. For 155.4 cm™!
peak, the shift in the peak position was approximately +8.3(0.5) cm™! at 80 K

whereas the peak at 352 cm™! was shifted by +2.6(1) ecm™! at 90 K.
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Figure 4.6: Temperature dependent Raman spectra of Gd@QCgy obtained be-
tween 80 and 300 K with excitation wavelength 633 nm.

Low temperature behavior of the Raman frequencies(v) can be modelled as

v(T) =w +x1T (4.6)

The thermal variation of Raman peaks of GdQCgy was fitted with the Eq.

4.6(as shown in Figure4.7) and the fitting parameters 1y and yr are evaluated
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and tabulated in Table 4.1.
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Figure 4.7: Temperature dependent Raman shifts observed at 155.4 cm™" and

352.2 cm ™! due to Gd-C and C-C vibrational peaks respectively.

The amount of peak shift determines the energy of the phonon in the ma-
terial. From Figure 4.7 it is observed that the phonon frequencies are blue-
shifted when the temperature is lowered. Temperature affects the population
of phonon in different energy levels for each normal mode. If the material lat-
tice experiences compressed stress, blue-shift in Raman frequency is observed,
whereas tensile stress red-shifts the Raman frequencies [159, 160]. Compres-
sion/expansion in lattice modifies the bond strength, hence force constant (k)
changes. Considering a simple harmonic oscillator model for Gd-Cgy , £k is
calculated using Eq.4.3 and plotted in Figure 4.8 as a function of tempera-
ture. The reduced mass of GAQCgs is 135.6 a.m.u. At room temperature k for
Gd-Cg, is found to be 1.9 N-cm™!. Upon lowering temperature to 90 K the

k value increased to 2.1 N-cm™!.

The force constants signify the nature and
strength of the metal-cage interaction, which depend on the oxidation state of
the incarcerated ion and the charge transfer between the ion and cage [161].

Although in the observed temperature region no significant change was found

in the oxidation state of encaged Gd ion (see Figure 4.2), increase in force
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constant of Gd—Cgs bond could be due to thermal effects. Hence, the observed
blue-shifts in both metal-cage and cage internal peaks of vibration were credited
to thermal contraction of the cage. Giefers et al. have also illustrated X-ray
absorption analysis that in Gd@QCg,, the metal-ion distance with temperature
and distortion in the local environment of the Gd ion near carbon hexagons are

observed at low temperatures [156].
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Figure 4.8: The force constants variation with temperature for Gd—Cgy inter-
action.

The thermal interaction affects phonon mean free path and phonon decay
lifetime which in turn affects the phonon energy and linewidth in the Raman
spectra. As the experiment was performed at constant pressure, both anhar-
monic phonon contribution and crystal thermal expansion are considered to be
responsible for the observed variation in phonon frequencies with temperature.
Temperature dependent FWHM of Gd-C (155.4 ecm™!) and C-C (352.2 cm™1)
vibrational peaks in Gd@QCg, are shown in Figure4.9(a). At room temperature,
the linewidth of 352.2 cm™! peak is observed to be 1.7(3) em™!. It is evident
from the plot that the linewidth is nearly temperature independent whereas
that of 155.4 cm™! peak reduces with temperature. The corresponding Raman

peaks were fitted with Lorentzian profile. The variation of linewidth I'(7") with
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Figure 4.9: (a) Temperature dependent FWHM of 155, 352 cm™! peak of
Gd@Cgy. (b) The temperature variation of FWHM of Gd-C vibrational peak
(155 cm™ 1) along with the fit of the data.

temperature can be governed by the anharmonic decay of phonons that was
discussed in details in Chapter 2. The thermal variation in the linewidth of
155.4 cm™! peak is fitted with the following equation [162]:

[Phrh(T) = TH" P O |1 +

(4.7)

+D

3
1 + L/ + V|
exp(gr) — 1 (explgy) — 1)2]

where I'(0) is temperature-independent FWHM and C and D are the cubic
and quartic anharmonic constants. The second and third terms of the Eq. 2.8
are the contribution of cubic and quartic anharmonicities, respectively. The
observed linewidth I'(T) of 155.4 cm™! as a function temperature is shown in
Figure 4.9. When the FWHM as a function of temperature is extrapolated
to absolute zero (T—0 K), it converges to 2.6(2) cm™*(I'(0)). At higher tem-
peratures, the FWHM increases with temperature. Only above 200 K, the
anharmonic effects in peak broadening were evident. C and D are evaluated as
0.17(4) and 2.9(7) em™?, respectively. The reduced linewidth could be associ-
ated with the freezing of cage at low temperatures which in turn strengthens

the interaction between the Gd ion and cage and also reduces the anharmonic
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phonon decay.

4.3.2 Thermal effects on Raman spectra of Dy@Cyg,

Room temperature Raman spectra of Dy@Cg, performed with 633 nm and
785 nm excitation sources are shown in Figure 4.10. Three distinct peaks are
observed at 151.1(2), 216.7(2) and 471.3(5) cm™! using 785 nm laser. While
using 633 nm excitation, we observed the peaks at 151.5(1), 219.4(1), and
470.9(3) em~!. In addition to these, a weak peak at 215 cm™! is also observed

in Dy@QCg,y. The temperature dependent Raman spectra of Dy@QCgs are studied
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Figure 4.10: Room-temperature Raman spectra of Dy@QCg, obtained with ex-
citation wavelength 633 nm and 785 nm.

using 633 nm excitation source and in the temperature range 80-300 K is shown
in Figure 4.11. While the temperature was decreased to 100 K, all Raman
peaks of Dy@Cyg, are blue-shifted and were observed at 153.8(5), 220.6(1), and
473.0(4) em™, respectively. At 80 K, only two peaks are continued to blue-shift
at 154.5(8) and 220.6(3) em ™. At 80 K, 470.9 cm™! peak became indistinct due
to line broadening. The thermal variation of the peak positions at 151.5, 219.4,

and 470.9 cm™! are illustrated in Figure 4.12. For 151.5 cm™! and 219.4 cm™!



CHAPTER 4. EFFECT OF TEMPERATURE ON GD@Cgy AND DY@QCg,73

peak, the shift in the peak position is approximately +3.0 cm™! and +1.2 cm™!
at 80 K; whereas the peak at 470.9 cm™! is shifted by +2.1(1) em™! at 100 K.
The thermal variation of Raman peaks of Dy@Csg, is fitted by the Eq. 4.6 and
the fitting parameters vy and 7 are tabulated in Table 4.1.

Considering a simple harmonic oscillator model for Dy—Cgs, k was calculated
using Eq. 4.3 and plotted in Figure 4.13 as a function of temperature.The
reduced mass of Dy—Cgs was 139.5 a.m.u. We obtained k& of Dy—Cg, as 1.88 N-

1

cm™ at room temperature whereas at 80 K, the £ value increases to 1.95 N-

cm~!. Increase in force constant has increased at low temperature signifies
thermal contraction in the molecule. Contraction of cage and distortion in the

local environment of the Dy ion gave rise to blue-shifts in all resulting phonon

frequencies.
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Figure 4.11: Temperature dependent Raman spectra of Dy@Cgy obtained be-
tween 80 and 300 K with excitation wavelength 633 nm.

Temperature dependent FWHM of 151.5, 219.4, and 470.9 cm™! peaks in
Dy@Csg, are shown in Figure 4.14(a). At room temperature, the linewidths are
found to be 2.3(2) ecm ™! and 6.2(4) cm™! for 219.4 cm ™! and 470.9 cm ™! peaks,
respectively. From Figure 4.14(a), it is evident that their linewidths are nearly

temperature independent, whereas FWFM of 151.5 cm ™! peak increased when
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Figure 4.12: Temperature dependent Raman peak shifts observed at (a) 151
em ™t and (b) 219 em™! and 471 em™! due to Dy-C and C-C vibrational peaks
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Figure 4.13: The force constants variation with temperature for Dy—Cg, inter-
action.

the temperature is lowered. The linewidth of a phonon in a crystalline lattice
is determined by its interaction with other elementary excitations. In most of
the materials temperature dependent line-broadening occurs due to anharmonic
effects and phonon—phonon interaction which can be written as[163, 164]:

2

hyg

Py = TP
exp(gpsy) — 1

] (4.8)

where TP"~P(T) is the temperature dependent linewidth arising due to an-

harmonic phonon-phonon coupling and T?" " is the temperature independent
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Figure 4.14: (a) Temperature dependent FWHM of 151.5, 219.4 and 470.9
cm~! peak of Dy@Cg,. (b) The temperature variation of FWHM of Dy-C
vibrational peak (151.5 cm™') along with the fit of the data which includes
both phonon-phonon and electron-phonon coupling in the line broadening.
linewidth. We attempted to fit the temperature dependent FWHM of 151 cm ™!
peak considering anharmonic phonon—phonon coupling only which is shown in
Figure 4.14(b). At low temperatures I’?"~P"(T) did not fit well with the experi-
mental data revealing that other elementary excitations such as electrons, holes
or electron-hole pairs might be interacting with the phonons. This is why we
have redefined the thermal variation of FWHM by taking both phonon-phonon
and electron-phonon contribution in the temperature dependent Dy-C Raman
line broadening. The linewidth due to electron-phonon interaction (I'“"P"(T'))
is given by [165, 166, 167, 168]
1 1

Fel—ph _ Fel—ph[ _ ] (49)
’ exp(—QZ”;OT) +1 eXp(2ZZ;OT) +1

where I " is the linewidth due to electron-phonon coupling at 0 K. T'(T) is

used to fit the experimental data and is shown in Figure 4.14b. The fitting pa-
rameters I7" 7" and T """ are found to be 0.5(3) em ™! and 31(6) cm ™! respec-
tively. Having I¢"" >> """ revealed that at low temperatures electron-
phonon coupling dominated over phonon-phonon coupling and thus broadens
the peak attributed to Dy-C vibration. At low temperatures, the thermal exci-

tation of the electrons is overpowered by the generation of electron-hole pairs
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via phonon excitation. This in turn, decreases the phonon lifetime and results

in line broadening [165, 169].

4.3.3 Discussion

Thermal variations in the Raman frequencies give negative temperature coeffi-
cients for both metal-cage and cage internal vibration in GA@QCgy and Dy@Cgs.
Negative xr arises due to the thermal expansion (pure volume) of the cage and
anharmonicity(pure temperature) in the lattice forces as discussed in Chapter
2 [170, ?]. Their contribution influences the bond length and the interatomic

interaction upon thermal variation. From the Table 4.1 it is observed that xr

Table 4.1: Temperature dependent frequency coefficients(yr) of different peaks

of EMF's
Sample | Raman position(cm™') | x7 (em™'K™!) | 1o (em™1)
GdaCy, 155.4 20.02009) | 162.7(1.1)
352.2 0.011(1) | 355.7(1)
Dy@QCsy 1515 20.013(1) | 155.4(0)
219.4 0.007(2) | 221.4(2)
470.9 0.008(1) | 473.7(4)

for Cgy cage vibrations (C—C) are similar irrespective of the encaged metal ion.
To understand the temperature dependence of cage internal vibrations(C-C),
xr of M@Cgy are compared with other carbon nanostructures. yr of radial
breathing modes of CNTs(0.006-0.13 ¢cm™!/K) are found to be similar to Cgy
cage internal vibration [157]. Due to the covalent bond between carbon atoms
in carbon nanotube rings and fullerenes, bending strain energy is high which
makes temperature induced softening of the C—C bond difficult. As the ionic
interaction is exerted between encaged metal ion and the fullerene cage due to
the charge transfer, y; of metal-cage vibration was found to be higher than
that of cage internal vibrations. As the ionic radius of Gd®+(0.938A) is larger
than that of Dy*+(0.912A4), Gd-C suffers stronger compression than Dy-C in

the rigid cage [171, 172, 173]. This is also visible from the force constant values.
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Larger force constant of Gd-Cgs is ascribed to more compression in Gd-C bond
which results higher x7 of Gd—C vibration than Dy—C mode.

The linewidth of Cgy cage vibrations are nearly temperature independent,
which suggests the presence of negligible anharmonic contributions in cage in-
ternal vibrations. Unlike Cgs, the metal-cage vibration show temperature de-
pendent linewidth variation suggesting presence of anharmonic contributions
and interaction of phonon with other elimentary excitations Linewidth of Gd-
cage vibration is the result of purely phonon-phonon interaction. Whereas, Dy-
C line broadening is attributed to the contributions from both phonon-phonon
and electron-phonon interactions. At low temperatures, electron—phonon cou-
pling dominates over phonon—phonon coupling and influences the Dy—C line

broadening.

4.4 Effect of laser power on Raman spectra

During Raman measurements, the sample absorbs some of the incident radi-
ation and eventually heats up. The temperature rise depends on quantities
such as the thermal conductivity of the material, laser power and irradiation
time. Local heating effect of the sample due to the laser beam in Raman
measurements encouraged us to perform laser-power-dependent Raman spec-
troscopy. The Raman frequencies are related to the laser power by the following
equation[109]

v(Lg) —v(Ly) = xp(La — Ly) (4.10)

where x is the first order power coefficient. v(L;) and v(Ls) are phonon
frequencies at the applied power L; and L.

Laser power dependent Raman spectra of Dy@QCg, and Gd@QCg, have been
obtained at room temperature using 785 nm excitation and are discussed in the

following section.
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4.4.1 Effect of laser power on Raman spectra of GdQCyg,

Raman spectra of GdQCg, are also studied by varying power 0.15-15 mW.
Power dependent Raman spectra are shown in Figure 4.15. At laser power
of 0.15 mW, the Gd-cage vibration and C-C vibrations are observed at 154.4
em™!, 217.2 em ™! and 350.5 cm~!. When the laser power is increased to 3 mW,
the peak at 154.4 cm™! is linearly shifted to 153.6(1) cm™!. Above 3 mW,
nonlinear peak shift is observed in the metal-cage vibrational peaks. Upon
increasing the laser power to 15 mW, 217.2 cm~! and 350.5 cm ™! peaks shifted
to 216.1(1) em™" and 348.9(4) cm™!. Laser power leads to increase the sample
temperature which affect in their vibrational frequency. Due to the presence of
free charge distribution, metal-cage vibration are more sensitive to temperature.
Thus, higher order temperature coefficient results in non-linear peak shift above
3 mW. The Raman shift with the laser power was fitted with Eq.4.10 and the
respective x is evaluated. The shift in the observed Raman frequencies as a
function of laser power is shown in Figure 4.16. The fitting parameter y for

corresponding phonon frequencies are tabulated in Table 4.2.
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0.3mwW

0.15mwW

v T v T v T v
100 200 300 400 500
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Raman frequency (cm™)

Raman intensity (arb. unit)

Figure 4.15: Laser power dependent Raman spectra of Gd@QCgy using 785 nm
excitation.
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Figure 4.16: Laser power dependent Raman peak shift for Gd-C (154.4 cm™1)
and C-C peaks in Gd@QCgs,.

4.4.2 Effect of laser power on Raman spectra Dy@Cg,

Raman spectra of Dy@Cg, are studied by varying power 0.15-15 mW. Power
dependent Raman spectra are shown in Figure 4.17. At laser power of 0.15mW,
the metal-cage vibration and C-C vibration were observed at 151 cm™!, 216.7 cm ™!
and 471.3 cm™!. When the laser power is increased to 3 mW, the peak at
151 em™! was linearly shifted to 150.6(2) cm™!. Above 3 mW, nonlinear peak
shift was observed in the metal-cage vibrational peaks. Upon increasing the
laser power to 15 mW, the peak at 216.7 cm™! and 471.3 cm™! shifted to
215.1(2)em ™! and 470.4(4) ecm ™! respectively. The shift in the observed Raman
frequencies as a function of laser power was fitted by Eq.4.10 and is shown in
Figure 4.18. It is evident that the increase in the laser power locally heats

the fullerenes that leads to red-shift in the observed frequencies. The fitting

parameter x, for corresponding phonon frequencies are tabulated in Table 4.2.

As the laser power is associated to the heating effects of the excitation
source, all Raman vibrations are observed to be red-shifted. For cage internal
vibrations, similar x, are obtained for both EMFs that could be attributed to
the presence of same fullerene cage Cgy. like x7, xr of metal-cage vibration

are found to be larger than the cage internal vibration. Non-linearity in metal-
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Figure 4.17: Laser power dependent Raman spectra of (a) Dy@Cgy using 785
nm excitation.
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Figure 4.18: Laser power dependent Raman peak shift for Dy—C and C—C peaks
in Dy@C82.

cage peak shift above 3 mW indicates strong temperature dependency of the
metal-cage vibration. x of Gd—cage vibration was found to be similar to Dy—
Cage vibration. This could be ascribed to the dominance of phonon—phonon

interaction at high temperature in both EMF's.
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Table 4.2: Power dependent frequency coefficients(x) of different peaks of
EMFs

Sample | Raman position(cm™) | yz (em™'mW™1)

GdaCs 1514 0.25(7)
217.2 20.10(4)
350.5 -0.14(7)

Dy@QCyy 151 20.26(1)
216.7 20.10(2)
471.3 20.15(2)

4.5 Thermal conductivity

In this thesis, we considered steady state method to determine thermal con-
ductivity where optothermal Raman measurement technique was used. Con-
sidering the temperature rise due to the absorbed energy at the laser spot on
the sample, the thermal conductivity of the film can be derived with the heat
transfer model. When the film thickness is at least one order larger than the
laser diameter, hemispherical distribution of heat flow is followed. Stobib et
al. considered the Gaussian heat distribution profile and used the following

equation to estimate x[115]:

L

= —=aAT (4.11)

K

where a Gaussian profiled laser beam having dy as 1/e* width is used to gen-
erate the heat flux. The Gaussian beam profile of 785 nm laser was shown in
Chapter 3 where dy was obtained as 7.7 pm. Temperature rise AT = Tr — 1T, is
the difference between bulk sample temperature(7},) and local temperature on
the surface(Txr) due to the heating effects by the laser power L. The detailed
derivation of the relationship between the measured temperature rise and the
thermal conductivity was described in Chapter 2. In this work, we have es-
timated the thermal conductivity of Gd@QCgy and Dy@Cg, films by using Eq.

4.11.
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Molecular dynamics simulations of Cgy crystals suggested that the thermal
conduction is mostly contributed by the low frequency acoustic phonons which
arise due to intermolecular interaction [1]. However this frequency regime is
considered below 100 cm™!. The thermal conductivity of the thin-films was re-
ported nearly independent of the carrier frequencies[174]. In order to examine
the spectral contributions to the heat conduction hence thermal conductiv-
ity, all observed phonon frequencies of Gd@QCgy and Dy@Cgy were considered.
Temperature rise was calculated from the first order temperature coefficient of
phonon frequencies along with laser power dependent frequency shift of the cor-
responding peak. As the thermal variation in the Raman frequencies is linear,
its slope x7 and the laser-power dependent shifts in the Raman frequencies are
utilized for evaluating AT of the samples. Temperature relation with Raman

frequencies are given by [175]:

AT = L) —rly) (4.12)
XT

In Gd@Cgy, K near room temperature and AT were calculated for 155 cm™!

and 352 cm~!. The estimated  using Eq. 4.11 and are tabulated in Table 4.3.
Similarly, s near room temperature was determined for 151 cm ™! and 470 cm ™!
peak in Dy@Cg, and the corresponding values are reported in Table 4.3. Ther-
mal conductivity was calculated at 1.5 mW, as we observed small temperature
rise in the films and reported the values as near room temperature thermal

conductivity. We have also observed the spectral contribution of thermal con-

Table 4.3: Thermal conductivity()at their corresponding temperatures (T) of
different peaks of EMFs

Sample | vibration | Raman position | Tg K
(em™1) (K) | (Wm K1)
GdQCg, | Gd-C 154.4 315.7 4.8(5)

CcC 350.5 311 1.8(
CC 471.3 325.8 1.2(
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ductivity of metal-cage and C-C vibration from both samples shown in Figure
4.19. The contribution of higher phonon frequencies was found smaller than

the lower phonon frequencies for both the samples.
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Figure 4.19: (a)Thermal conductivity at different temperatures for 154 cm™!

and 350 cm™! peaks in Gd@Cg,.(b)Thermal conductivity at different tempera-
tures for 151 cm™! and 471 cm™! peaks in Dy@Clgs.

In nanomaterials, the localization of vibrations and the reduced phonon
mean free path contribute to low TC [176, 177, 178, 179]. It was observed that
k values of EMFs were higher than those reported for the thin films of Cg,
Cro, carbon nanospheres and amorphous carbon(0.2-0.9 Wm~'K~1) [1, 180,
181, ?]. However, they are much smaller (nearly three orders of magnitude)
as compared to that of graphene, graphite and carbon nanotubes [99, 170,
182]. In pristine fullerenes, x has mostly phonon contributions where the heat
conduction occurs via lattice vibrations of covalently bonded carbon atoms.
However, fullerenes doped with lanthanides such as Dy@Cgy and Gd@QCgy may
also have an additional electron contribution to x due to the presence of free

charge carriers which leads to their larger thermal conductivity.

4.6 Conclusion

In this chapter, the thermal effects on lattice vibration of EMF films is exam-

ined. The oxidation states of the encaged metal ion as a function of temperature
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is observed from the magnetometry study and Brillouin function approach. No
change in the oxidation state of Gd and Dy ion is observed above 15 K and 40 K
respectively. Temperature dependent Raman spectra of Gd@QCgy and Dy@Cgs
are performed to study their lattice dynamics. The observed blue-shifts in both
metal-cage and cage internal vibrations while lowering the temperature show
thermal expansion as well as anharmonic effects in the EMFs. Linewidth of
Gd—cage vibration is the contribution from purely phonon-phonon interaction
and decrease in linewidth at lower temperatures occurs due to reduced anhar-
monic effects. Raman peak broadening in Dy-cage vibration was assigned to
the contributions from both phonon-phonon and electron—phonon interactions.
At low temperatures, domination of electron—phonon coupling over phonon—
phonon coupling leads to broadening in Dy—-cage vibrational frequency. How-
ever, negligible anharmonic contribution was observed in linewidths of cage
internal vibrations.

Thermal conductivity of GdQCgy and Dy@Csg, films are estimated by using
the combinational effect of temperature and laser power on observed phonon
frequencies. Thermal conductivity was observed to be dependent on phonon
frequencies. For both metal-C and C—C vibrations, the contribution of higher
phonon frequencies are less as compared to lower phonon frequencies. The
thermal conduction in these rare earth doped fullerenes at room temperature
and above is mainly attributed to the anharmonic coupling of lattice vibrations.
Presence of free charge carriers and additional electron contribution leads to

higher x value of EMFs than those of empty fullerenes.



Chapter 5

Effect of temperature on Cg O

and C,,O

5.1 Introduction

Under thermal stress, fullerene conformation and its interaction with the neigh-
boring molecules vary which can affect its lattice dynamics. Cgp experiences first
order orientational transition at 260 K where its fcc structure is transformed to
sc structure [29]. From the reported temperature dependent FTIR and Raman
spectra of Cgp and Cyg, vibrational linewidth was found to be proportional to
temperature which arises due to the freezing out of rotational motion [183]. In
fullerene oxides, addition of a single oxygen atom provides a small perturba-
tion to the molecular structure which alters its molecular interaction. Similar
to that of Cgp, CgoO showed an orientational transition at 278 K[184]. Although
Cg0O has similar structure as that of Cg, a slight modified lattice dynamics is
expected due to the presence of oxygen.

In Chapter 4, Raman spectroscopy was used to study the lattice dynamics of
EMFs as a function of temperature. In this chapter we have discussed the ther-

mal effects on the Raman vibrational frequencies for understanding the inter
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and intra-molecular interactions in two exohedral fullerenes, photo-polymerized
Cg00O and C;pO. Raman spectroscopic technique was also used to evaluate their

thermal conductivities.

5.2 Optical property of photo-polymerized Cg,O

5.2.1 UV-vis spectral analysis

UV-vis absorption spectra provide preliminary information about the nature
of compounds present. The UV-vis absorption spectrum of pristine Cgy and
photo-polymerized CgyO in CS, at room temperature are shown in Figure
5.1. The spectra are taken in the wavelength region 400-700 nm. In pris-
tine Cgp, absorption bands are observed at 410.1(2), 545.5(6) and 599.7(3) nm.
In the photo-polymerized Cg O, a new weak absorption band is observed at
423.6(2) nm which signifies the presence of oxygen in Cgy [42]. Due to some
traces of Cgy, we have also observed 410.6 nm absorption band. In addition,
near 546.8 nm and 607.5 nm bands are observed in CgnO which are red shifted
by 1.3 nm and 7.8 nm from that of pristine Cgy. Larger absorption wavelength
in CgoO suggests that band gap of Cgg is reduced in presence of oxygen. As
compared to Cgy, CgoO showed weaker absorption near 546.8 nm and 607.5 nm

of CgoO illustrating that the yield is less.

5.2.2 Raman spectral analysis

The room temperature Raman spectrum of photo-polymerized CgO is illus-
trated in Figure 5.2. In Cgy, three Raman peaks at 273, 497 and 1469 cm~!
are previously assigned to Hy squashing mode, A, breathing mode and A, pen-
tagonal pinch mode, respectively [52, 55]. The vibrational peaks of CgO are
seen in the same characteristic regions as that of the pristine Cgg, however the

peaks are observed split as well as shifted due to the reduced symmetry of
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Cgo in the presence of an oxygen [54, 52]. Raman spectrum of CgyO are taken
in the frequency region 200-1600 cm™!. In the lower-frequency region, the vi-
brational peak observed at 493.6(1) cm™' in CgO is downshifted by 4 cm™!
from that of the A, breathing mode of pristine Cgy. The appearance of other
peaks at 256.3(3) em™! and 270.5(1) em™! in CgO can be explained as the
splits in H, squashing mode of Cgy where 256.3 cm™! peak arises due to the
translation of the bound oxygen atom. In the higher-frequency region, the peak
at 1458.8(2) cm™! is accompanied with a shoulder at 1468.4(2) cm™! and are
attributed to photo-polymerization of Cgy [43, 185]. In this work, the thermal
analysis is performed on 256.3 cm ™!, 270.5 cm™!, 1458.8 and 1468.4 cm ™! peaks

of CGOO.

The observed Room temperature UV-vis and Raman spectra analysis confirmed
the formation of photo-polymerized CgoO and it was used for the further ex-

periments.

5.2.3 Thermal effects on Raman spectra

Temperature dependent Raman measurements are performed on the photo-
polymerized CgyO by lowering temperature from 300 K to 80 K to examine
intra-cage and inter-cage interactions. Raman spectra of CgyO in the temper-
ature range 80-300 K at excitation wavelength 488 nm are shown in Figure

I and

5.3. Raman spectrum of CgO are taken in two regions—i) 200-700 cm™
i1)1000-1600 cm ™. Due to their strong intensities and characteristic contribu-
tion,thermal effect on 256.3 cm™!, 270.5 cm™!, 488.8 cm ™!, 1458.8 cm™! and
1468.4 cm~! peaks of CgoO are examined further.

Upon decreasing the temperature to 80 K, all vibrational peaks get blue-

shifted. At 80 K, the 256.3 cm™!, 270.5 cm~! and 488.8 cm™! peaks are ob-
served at 257.3(3), 271.6(1) cm™! and 489.3 em™!, whereas, 1458.8 cm™! and
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1468.4 cm™! peaks are seen at 1462.3(1) cm™! and 1471.8(4) cm™! respectively.
The thermal variation of 256.3 cm™!, 270.5 cm™1,1458.8 cm ™! and 1468.4 cm ™!

peaks are illustrated in Figure 5.4. The thermal variation of the observed
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Figure 5.3: Temperature dependent Raman spectra of photo-polymerized CgnO
obtained between 80 and 300 K with excitation wavelength 488 nm.

Raman peaks are fitted by Eq.4.5 as mentioned in Chapter 4. The fitting pa-
rameters vy and yr are evaluated and tabulated in Table 5.1. It can be obtained
from the table that temperature coefficients (y7) of all observed phonon peaks
in CgoO are negative and is attributed to thermal contraction of the cage which
influences their bond-lengths and the inter and intra-molecular interactions.
x7 of CgoO are found to be analogous to that of pristine Cgy which suggests
that both molecules experience similar contraction with lowering of temper-
ature [186]. In higher frequency region, yr of 1468 cm™' peak of CgO are
found to be comparable to the G-peak(1582 cm™!) of single layered graphene
[187]. The temperature coefficient for the highly oriented pyrolytic graphite
(HOPG) was previously reported as -0.011 c¢cm~' /K for 1578 cm™' which is
comparable with our obtained yr of 1458.2 ecm™! peak which is attributed to
the photo-polymerized CgyO[188].

Force constant (k) of Cgp—O was evaluated using Eq.4.4 as mentioned in
Chapter 4 and plotted in Figure 5.5 as a function of temperature. The reduced

mass of CgoO is 15.6 a.m.u. At room temperature k for Cg—O is found to be
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Table 5.1: Temperature dependent frequency coefficients(yz) of different peaks
of photo-polymerized CgyO

Raman position(cm™') | x7 (em™'/K) | v (em™)
556.3 Z(0.0044£0.0015) | 257.6(3)
270.5 -(0.0045+0.0013) | 271.9(2)
488.8 -(0.0034+0.001) | 489.3(1)
1458.8 -(0.01640.003) | 1463.6(5)
1468.4 -(0.01240.003) | 1471.9(3)

0.604 N cm™!. Upon lowering temperature to 80 K the k value increases to
0.610 N cm~!. Increase in force constant of Cgy—O bond at low temperature
signifies thermal contraction in the bond length. Cage contraction and distor-
tion in the local environment of the oxygen ion gives rise to blue-shifts in all
the resulting phonon frequencies. Inter-molecular interaction is also supported
by low temperature magnetic hysteresis of CgO as mentioned in Appendix
suggest weak long range ferromagnetic interactions between the molecules.
The thermal interaction affects phonon lifetime which causes change in the
phonon line-width in the Raman spectra. Temperature dependent FWHM of
256.3 cm™!, 270.5 cm ™!, 488.8 cm ™!, 1458.8 cm~! and 1468.4 cm ™! vibrational
peaks in CgoO are shown in Figure 5.6(a). At room temperature, the line-width
was found to be 12.2(9) em™', 7.7(5) em™! and 5.9(7) em™! for 256.3 cm™ 1,

270.5 cm~! and 488.8 cm™! peak, respectively. It is evident from the plot
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that their line-widths are nearly temperature independent which is attributed
to the presence of negligible anharmonic contributions in the lower phonon
frequencies. FWHM of 1468.4 cm™! peak decreases with decrease in temper-
ature whereas,line broadening in 1458.8 cm™! peak is observed upon lowering
the temperature. The temperature dependent line-widths of higher frequency

peaks of CgyoO shows presence of anharmonic contribution of phonons.
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Figure 5.5: The force constants variation with temperature for Cg—O interac-
tion.
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In order to understand the dynamics of C-O bond in CgO under ther-
mal stress, density functional theory (DFT) was carried out on the optimized
structure of CgoO by changing C—-O bond length. CgO was optimized as both
epoxide and annulene-like structure by using the density functional B3LYP
method. 6-31G(d) basis set was used in annulene and 6-31+G(d) basis set was
used in epoxide structure to calculate theoretical Raman vibrational spectra of
CgoO single molecule. In the procedure of optimization, an option SCF =Tight
was used. Molecular modeling and vibrational spectral analysis were performed
using Gaussian 9, GaussView 5.0 and OriginPro 8.1 software. Calculated Ra-
man spectrum was compared with our experimental result in the frequency
range 200-600 cm~! as shown in Figure 5.7. The calculated Raman peaks for
optimized annulene-like structure were obtained at 235.7, 242.6 and 272.9 cm ™!
whereas for optimized epoxide structure, Raman peaks were obtained at 241.6
and 266.4 cm™!. Experimentally the corresponding Raman peaks are observed
at 249.3, 256.3 and 270.5 cm~!. The experimental spectrum was obtained for
CgoO films, whereas the DFT calculation was performed on a single molecule
and, due to this discrepancy, a small variation in the two results was per-
ceived. It is observed from the Figure 5.7 that the calculated vibrational peaks
of annulene-like structure resembles more to the experimental results. Based
on the observation, further calculations were performed on the optimized CgyO
annulene-like structure.

In the optimized structure of CgyO, C—O bond length was obtained 1.398 A
that is consistent with the previous reports[48, 189]. To observe shifts in the
Raman frequency, C-O bond length was deliberately changed by 0.7%. The
obtained shift in 235.7 ecm™! peak as a function of C-O bond length is shown
in Figure 5.8 and was fitted with an exponential decay function. No shift in
the 273 cm™! peak was found as C-C bond lengths was constrained to re-

main unchanged during the calculation. Both calculated and experimental



CHAPTER 5. EFFECT OF TEMPERATURE ON CgO AND C7,0 93

Experimental
=
=]
o
—
T
2 C,,O annulene(calculated)
[0}
g ’/\
_J\/\ YN
C,,O epoxide(calculated)
T T T T T T T
200 300 400 500 600

Raman frequency (cm™)

Figure 5.7: Experimental and calculated Raman spectra of CgoO in the region
200-600 cm ™.

results indicate thermal contraction in C—O bond that blue-shifts the Raman
peak at 235.7 cm ! with decrease in temperature. Experimentally, the shift in
256.5 cm ™! peak was about 1 cm™! at 80 K as compared to that at room temper-
ature which was attributed to thermal contraction in C~O bond by 0.009(2) A.
Expansion or contraction of molecule is elucidated by its thermal expansion
coefficient. Linear thermal expansion coefficient cvp which can be determined

as:
1 dl

= (5.1)

ar

where dl/l is the relative change in C-O bond length as a result of the thermal
expansion due to temperature change d7. The linear thermal expansion coeffi-
cients of bulk and thin films of Cgy were reported previously [190, 191]. Using
Eq.5.1, ar of CgO was found to be 30x107¢ K= at 80 K. The thermal ex-
pansion coefficient give further information about the temperature dependent

thermoelastic behavior of materials which can be described by isobaric mode



CHAPTER 5. EFFECT OF TEMPERATURE ON CgO AND C7,0 94

241 4
] m  C-Obond

2404

239 4

-1

m

N

@

®
1

Raman shift (c
N N
w w
> ~
1 1

2354

234

233l . . . . . . .
1.38 1.39 1.40 1.41 1.42

Bond length (Angstrom)

Figure 5.8: Raman shift in the 235.7 ecm™! peak as a function of C-O bond
length.

Griineisen parameter(y;p):

nP ary; \OT' ) p, (5.2)

From Eq. 5.2, v;p was calculated by using the fitted y7 of 256.3 cm™! peak
reported in Table 5.1. The estimated +;p for all the observed phonon peaks of
CgoO were presented in Table 5.2. At 80 K, Grineisen parameter for all the
observed phonon peaks are found to be positive.

Thermal expansion coefficient of CgyO are found larger than that of pristine
Ceo [192]. Due to the presence of oxygen, the symmetry of the cage is reduced
which results inter-atomic bonds weak in CgO and lead to increase in their
expansivity as compared to the unoxidised Cgy. The expansion or contraction
of solid due to temperature depends on the balance between phonon modes with
positive and negative Griineisen parameter [193]. The positive low-temperature
Grneisen gamma is reported for Cgy down to 30 K [194]. Like Cgg, Positive

Griineisen parameter suggests the volume expansion is positive at 80 K in
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Table 5.2: Phonon frequencies, temperature coefficients, and the Griineisen
parameters for CggO.

Raman position(cm™) | 7 (em™/K) Yip
256.3 -(0.004440.0015) | 0.572
270.5 -(0.004540.0013) | 0.554
1458.8 -(0.01640.003) | 0.365
1468.4 -(0.012+0.003) | 0.272

Ce0O.

5.3 Optical property of C;,,O

5.3.1 UV-vis spectral analysis

UV-vis absorption spectra of pristine C7y and synthesized C7,O in CS, at room
temperature are shown in Figure 5.9. In pristine C;q, absorption bands are
observed at 382.7 nm, 472.6 nm, 550 nm and 640 nm. The UV-vis spectra of Cy
and CroO are similar to each other. The spectrum of C;¢oO shows all absorption
bands of pristine Crq, with slightly shifted and broadened. In C;,O, absorption
bands are observed at 381.9 nm, 480 nm, 564 nm, 605.5 nm and 650.3 nm
which correspond to reported absorption of CzO oxidoannulene [195, 51] .
The C770O oxidoannulene is closely associated to Crg, as the oxygen atom seems

to introduce only a minor perturbation in electronic and lattice structure [48].

5.3.2 Raman spectral analysis

Raman spectrum of C;oO at room temperature is shown in Figure 5.10. In
Crp, the Raman peaks are observed at 259 ecm™!,1182 ¢cm™!,1227 cm™! and
1563 cm™! and are in argument with the earlier reports [196]. The vibrational
peaks of C;O are seen in the same characteristic regions as that of Pristine

1

Cro. However, low frequency Raman peak 259 cm™" are found to be partially

split for C70O and is observed at 251.7 ecm™! and 258.3 cm~!. The observed
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Figure 5.10: Room temperature Raman spectra of C7;O measured using 514 nm
laser excitation.
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split in vibrational peak is due to the reduced symmetry of Crj in the presence
of oxygen. However, no shift is observed in higher vibrational peaks which sug-

gests no photo-polymerization has occurred in C7O.

The observed Room temperature UV-vis and Raman spectra analysis confirm

the formation of unpolymerized C;oO which is used for the further experiments.

5.3.3 Thermal effects on Raman spectra
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Figure 5.11: Temperature dependent Raman spectra of photo-polymerized
C700 obtained between 80 and 300 K with excitation wavelength 488 nm.

Thermal effects on Raman spectra of C;yO are observed using excitation
wavelength 488 nm. Raman spectra are obtained in the temperature range
80-300 K and are shown in Figure 5.11. In this work, the thermal analysis
is performed on 251.7 em™! and 258.3 ecm™! peaks of C7qO. Upon decreasing
the temperature to 80 K, all Raman peaks of C;0O are weakly blue-shifted.
The thermal variation of the peak positions 251.7 em™! and 258.3 cm™! are
illustrated in Figure 5.12. The variation in 251.7 cm™! and 258.3 cm™! peaks
are fitted with Eq.4.5(chapter 4) and the fitting parameters vy and xr are
tabulated in Table 5.3. Thermal variations in Raman frequencies give negative
temperature coefficients for all observed Raman peaks in both CgoO and Cr,O.
In low frequency region, x7 of CgoO and C7oO are found to be smaller than that

of Gd@Cgy and Dy@Cgs as reported in Chapter 4. This could be attributed to
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the reduced symmetry of Cgy as compared to that of Cgy and Cyy cage [26].

Table 5.3: Temperature dependent frequency coefficients(yr) of different peaks
of Cmo

Raman position(cm™) | x7 (em™/K) | v (em™)
251.7 ~(0.0016+0.0003) | 252.2(4)
258.3 -(0.002740.0003) | 259.1(4)
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Figure 5.12: Temperature dependent Raman shifts observed at 251.7 cm™ and

258.3 cm ! of CrO.

k value of Cr—O is estimated using Eq. 4.4 and plotted in Figure 5.13 as a
function of temperature. The reduced mass of C;p—O is 15.7 a.m.u. We obtain

k of C7p-O as 0.586 N-cm~! at room temperature whereas at 80 K, k& value

increases to 0.590 N-cm™!.

Increase in force constant with lowering temperature indicates thermal con-
traction in the bond length. Hence, the blue-shifts in all resulting phonon fre-
quencies of CgyO and Cr¢O are attributed to the contraction of cage and distor-
tion in oxygen bond which is exhohedrally attached to the cage. Temperature
dependent FWHM of 251.7 and 258.3 cm ™! peaks in C7yO are shown in Figure

1

5.14. At room temperature, the linewidths are found to be 4.5(3) cm™" and

4.8(3) cm™* for 251.7 and 258.3 cm ™! peaks, respectively. At 80 K, their FWHM
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Figure 5.13: The force constants variation with temperature for C;—O inter-
action.

are observed to be 5.8(3) and 5.7(1) em™! for the corresponding peaks. From
Figure 5.14, it is evident that their line-widths are weakly temperature depen-

dent suggesting negligible anharmonic phonon contribution in line broadening.

5.4 Effect of laser power on Raman spectra

5.4.1 Effect of laser power on Raman spectra of CyzO

The laser-power-dependent Raman spectra of CgyO are performed at room tem-
perature using 514.5 nm excitation by varying the laser power between 0.1 mW
and 0.5 mW. At 0.1 mW, CgO vibrational peaks are found at 256.2(4) cm™!,
270.7(2) em ™! and 488.8(8) cm~!. Upon increasing the laser power to 0.5 mW,
Raman peaks at 256.2 cm™t, 270.7 cm ™! and 488.8 cm ™! shifted to 255.2 cm ™!,
270 cm~! and 487 cm™! respectively. With increase in the laser power, lo-
cal temperature of fullerene thin films also increases resulting in the red-shift

Raman peaks.
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Figure 5.14: Temperature dependent FWHM of 251.7 and 258.3 cm ™! peak of
Cr00.

Raman shift with the laser power was fitted with the Eq.4.10 and the respec-
tive xr is evaluated. The shift in the observed Raman frequencies as a function
of laser power is shown in Figure 5.15. The evaluated fitting parameter x for
corresponding phonon frequencies are tabulated in Table 5.4. The change in
the phonon vibrational frequencies with the laser power is associated to the
heating effect of the laser which causes the red-shift in the peaks. Thus, laser

power induced red-shift is attributed to the thermal expansion of the lattice.

5.4.2 Effect of laser power on Raman spectra of C;,0O

Laser-power-dependent Raman spectra of C;¢O is performed at room tempera-
ture using 514.5 nm excitation and by varying the laser power between 0.1 mW
and 0.5 mW. At 0.1 mW, CyO vibrational peaks are found at 251.5(6) cm™!
and 259.5(1) em™! and their variation with laser power is plotted in Figure
1

5.16. Upon increasing the laser power to 0.5 mW, Raman peaks at 251.5 cm™

and 259.5 cm™! shift to 251.1 cm™! and 258.9 cm ™ respectively.
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Figure 5.15: Laser power dependent Raman peak shift at 256.5 cm™!,

270.7 cm~! and 488.8 cm ™! of CgO.

The shift in the observed Raman frequencies as a function of laser power
with its linear fit is shown in Figure 5.16. It is evident from the figure that the
increase in the laser power locally heats the fullerenes and leads to red-shift in
the observed frequencies. The fitting parameter x for corresponding phonon

frequencies are tabulated in table 5.4.
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Figure 5.16: Laser power dependent Raman peak shift at 251.5 cm™" and

259.5 Cm_l of C700.
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Table 5.4: Power dependent frequency coefficients(y) of different peaks of
Cﬁoo and C7QO

Sample | Raman position(cm™") | xz (em™'mW™1)

CooO 256.5 23(9)
270.7 22.5(6)
488.8 “4.3(1.4)

CroO 251.5 11(3)
259.5 -0.7(3)

x1 of CgoO are found to be larger than that of C;oO. In addition, x of
CgoO and C7O are also compared with the cage internal vibrations of Gd@QCsg,
and Dy@Cg,y. 1y values are found to be decreasing with increase in no of
atoms in the cages. As the number of atom increases from C60 to C82, the
cage symmetry reduces which in turn enhances the heat dissipation in these
fullerenes [26].

As laser beam causes local heating effect on the surface of the film, the
local temperature of the sample under the laser spot can be estimated from the
laser power used in Raman measurement. The collective effect of temperature
and laser power on Raman frequencies are used for the thermal conductivity

estimation.

5.5 Thermal conductivity

In this section, the thermal conductivity of photo-polymerized Cg O and C;oO
films are estimated using Eq. 4.11 as mentioned in Chapter 4. Gaussian beam
profile of 514.5 nm laser was shown in Chapter 3 where dy, was obtained as
3.6 pm. In order to examine the spectral contributions to the thermal conduc-
tivity, all observed phonon frequencies of photo-polymerized CgoO and C;oO
are considered. In Cg O, k near room temperature and AT were calculated
for 256.5 cm™t, 270.7 cm ™! and 488.8 cm™!. The estimated x using Eq. 4.11

are tabulated in table 5.5. Similarly, x near room temperature was determined
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for 251.5 cm ™! and 259.5 em ™! peak in C7,O and the corresponding values are

reported in table 5.5.

Table 5.5: Thermal conductivity(x)at their corresponding temperatures (T) of
different peaks of CgoO and C;oO

Sample | Raman position | T (K) K
(cm ) (K) | (Wm K
Cg0O 256.5 324 0.7(2)
270.7 302 1.1(3)
488.8 319 0.8(3)
Cr700 251.5 351 0.3(1)
259.5 359 0.4(1)
1.6
| e = 256.5cm’
- e 270.7cm’
' A 4888cm’
1.2 4
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Figure 5.17: Thermal conductivity at different temperatures for 256.5 cm™!,

270.7 cm~! and 488.8 cm ™! peaks in Cg,O.

We have also evaluated the thermal conductivity from C-O and C-C vibra-
tion for both the samples as shown in Figure 5.17 and 5.18. Thermal conduc-
tivity is found to be weakly dependent on phonon frequencies.

In pristine fullerenes, x has mostly phonon contributions where the heat
conduction occurs via lattice vibrations of covalently bonded carbon atoms.
Tea et al. reported room temperature thermal conductivity of Cgy and Co

was 0.4 Wm 'K~! and 0.7 Wm ™' K~! respectively [180]. However, presence of
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Figure 5.18: Thermal conductivity at different temperatures for 251.5 cm™!

and 259.5 cm ! peaks in CyO.
oxygen in fullerene cage contribute additional interaction between oxygen and
cage which weakly modifies their thermal conductivity.

Thermal conductivities of CgO and C;pO are found to be smaller than
that of M@QCg, (Chapter 4). This could be attributed to Raman peaks consid-
ered for the evaluation of thermal conductivities of the endohedral fullerenes
which are smaller (<200 cm™!) than that of exohedral fullerene CgyO (>200
ecm™ ). k value of CgO and C7,O are comparable with amorphous carbon film
(0.2 Wm™'K~!) and graphitic carbon nanosphere (GCNS) (0.9 Wm'K™1!)
(197, 111].

Having high Seebeck coefficients and low thermal conductivities, the fig-
ure of merits (ZT) of fullerene molecules are large in comparison to graphene
[10, 198]. In the previous reports, the Seebeck coeflicient and electrical conduc-
tance of Cgy, Cgo and M@QCgy molecules have been discussed and are utilized for
the comparison of their ZT [199, 21]. Their study suggest that power factor of
M@Cyg, is larger than the empty fullerene molecules. However, due to high ther-

mal conductivity of M@QCsg,, their ZT value reduces. As thermal conductivity
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of CgpO and CoO are marginally greater than their empty fullerenes, fullerene

oxides appear as potential candidates for the thermoelectric applications.

5.6 Conclusion

In this chapter, the thermal effect on photo-polymerized CgyO and CoO films
are examined. Room temperature UV-Vis and Raman spectra confirmed the
formation of photo-polymerized CgoO and CryO(unpolymerized). The blue-
shift with decrease in temperature in observed phonon frequencies for both
materials can be explained in terms of thermal contraction in fullerene cages.
Thermal expansion coefficient of CgoO is evaluated at 80 K considering the
change in C-O bond-length by incorporating DFT calculation with tempera-
ture dependent Raman shift. Positive Grineisen parameter and thermal expan-
sion coefficient at 80 K indicates positive volume expansion at 80 K. The low
frequency phonon linewidths of CgqO and C7,O are found to be nearly indepen-
dent of temperature indicating negligible anharmonic contributions. However,
the temperature behavior of higher frequency phonon line-widths of CgyO show
anharmonic contributions.

Thermal conductivity of photo-polymerized CgoO and C;oO films are ob-
tained using temperature and laser power dependent Raman spectra. Thermal
conductivity is observed to be weakly dependent on phonon frequencies. k of
Ce0O and C7O films are found to be 0.7(2) Wm'K~! and 0.3(1) Wm ' K!
which are marginally larger than their unoxidised cages. Their increased ther-
mal conductivity could be originated from the additional interaction between
oxygen and cage. However, TC of fullerene oxides are found to be much smaller
than M@Cg, suggesting fullerene oxides as suitable dopant in thermoelectric

devices.



Chapter 6

Effect of pressure on

photo-polymerized Cg O

6.1 Introduction

Like temperature, pressure is one of the fundamental thermodynamic variables
governing the lattice dynamics of materials. Under ambient conditions, solids
exhibit a particular crystal structure for which the total energy is minimum. On
application of high pressure, the atomic arrangement in the solid changes. As
a result, the interatomic distance changes and consequently the crystal struc-
ture are expected to modify. The reduction in the intermolecular distance can
be used to tune intermolecular forces in the materials. Thus, the high-pressure
studies have great importance in visualizing the mechanism governing the struc-
ture formation and their properties. Under thermal and mechanical stress, the
orientation of Cg cages and their interactions with the neighborhood vary due
to the change in their lattice parameters [183, 200].

Effect of temperature on the vibrational frequencies of Gd@QCgy, Dy@Csgs,
photo-polymerized CgoO and C;oO have been studied in Chapter 4 and 5. To

examine the effect of extreme condition, high pressure behavior should be also
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taken into account. In this chapter, we have discussed the effect of pressure
on photo-polymerized CgpO film by performing Raman measurements. When
pressure changes, the structural and optical properties of photo-polymerized
CgoO are expected to modify which could be reflected in their vibrational spec-
tra. The pressure dependent Raman spectroscopy of C;oO is attempted in this

section.

6.2 Pressure effects on Raman spectra of photo-
polymerized Cg,O

Pressure dependent Raman spectra of photo-polymerized CgoO was performed

using 514.5 nm laser excitation. Due to the strong intensity of 1332 cm™!

'to

peak of diamond in the pressure cell, the frequency range from 1250 cm™
1400 cm~! was overshadowed. Due to this, the spectra are taken in two separate

regions (i) 200-600 cm ™! and (i1)1400-1600 cm™~!. The observed spectra are illus-

trated in the Figure6.1. At ambient pressure, 256.3(4) cm ™! and 270.7(2) cm ™

peaks peak observed in the lower frequency region and at 1458.5(6) cm™* and

1468.3(1) cm™! are observed in higher frequency region.

To observe the change in the lattice vibration properties of photo-polymerized
CgoO under compression, Raman spectra is studied by varying pressure upto
5.5 GPa as shown in Figure 6.1. Both 270.7 cm™! and 256.3 cm™! peaks are red-
shifted upon increasing the pressure upto 0.8 GPa. Above 1 GPa, both peaks
disappear. The Raman peak at 1458.5 cm ™! shifts to higher frequencies whereas
1468.3 cm ™! peak is red-shifted upon increasing the pressure to 1.2 GPa. Above
1.2 GPa, two peaks appear as a single peak at 1463.8(2) cm ™! which shifts lin-
early to higher frequencies with the pressure up to 5.5 GPa. Upon releasing

pressure, the reappearance of 1458.5 cm™! and 1468.3 cm ™! peaks are observed

whereas no noticable peaks are found in the lower frequency region (Figure 6.2).
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The observed shift in these Raman peaks with the applied pressure is shown in

Figure 6.3. Pressure induced Raman shift is defined as:

Vp = l/o—f-XpP

(6.1)

where 1 is the frequency at ambient condition and xp is the 1st order pressure

coefficient. P is the applied pressure on the sample.  yp for each peak is
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Figure 6.1: Pressure dependent Raman spectra of CgO measured between 0.3-
5.5 GPa using 514nm laser excitation in the frequency range (a)200-600 cm™*
and (b)1400-1600 cm™!

evaluated by linear fitting and is presented in Table 6.1. At 0.8 GPa, Raman
peak at 256.2 cm™! and 270.7 cm™! are red-shifted by 8 cm™! and 1.1 cm™!
respectively, as compared to that at atmospheric pressure. From the shift in
both the Raman peaks it could be expected that C—O bond experiences more
compression than C-C bond. Below 1.2 GPa, the reported linear compressibility
of Cgp is about 0.023 GPa~! which is very similar to the interplanar interaction
in graphite(~ 0.026 GPa~1)[201, 28]. The linear compressibility of a material

at constant temperature is described as [202]:

1
K,=—>

dl
I \dp)
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Figure 6.2: Pressure dependent Raman spectra of CgO measured upon releas-
ing pressure to an ambient condition
where dl/l is the relative change in C-O bond length due to pressure change
dP. From the calculated C-O bond length as a function of Raman shift, we have
estimated the change in C-O bond at 1.2 GPa. 8 cm ™! shift in 256.2 cm ™! peak
at 1.2 GPa is attributed to contraction in C-O bond by 0.313(2) A. Using Eq.
6.2, K, of C4yO is found to be 0.186 GPa~! at 1.2 GPa. Due to the presence of
oxygen, the symmetry of the cage is reduced which results in weak inter-atomic
bonds in CgyO and lead to increase in their compressibility as compared to Cgp.
As the pressure below 1.2 GPa has negligible effects on C-C bonds, we con-
sider that the observed red-shifts in C-C and C-O vibrations are due to decrease
in inter-molecular spacing and compression in CgyO cluster. The compression
in the molecular cluster results in reduced lattice parameter and constraints in
the rotational motion of the molecules. Fischer et al. reported FCC-to-SC tran-
sition of Cgp structure above 1.2 GPa [28]. Hence, change in xp of 1468.3 cm™*
at 1.2 GPa is attributed to Cgy orientational phase transition [200]. Above
1.2 GPa interaction between the neighboring molecules increases which leads
to the formation of inter-molecular bonds and thus their polymerization [203].

From the obtained results it can be stated that above 1.2 GPa pressure, further
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polymerization occurs in photo-polymerized CgyO. The pressure below 1.2 GPa

is denoted as phase I and above 1.2 GPa it is denoted as phase II.

Table 6.1: Pressure coefficients(yp) of different peaks of CgoO.

Raman peaks XP Xp
(Phase 1) (Phase 1T)
(cm™t at 1 atm) | (em™! GPa™!) | (cm™! GPa™!)
1468.3 -3.9(2.1) 1.6(0.2)
1458.5 3.8(1.7) -
270.7 -5.1(2.5) -
256.2 -14.1(6.6) -
1480 -
1475 4 |
ud . PSR *
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Figure 6.3: Pressure dependent Raman peak shifts observed for degen-
erated Hy(1) mode (256.2 c¢cm™', 270.7 cm™') and degenerated A,(2)
mode(1458.5 em ™!, 1468.3 cm™!) of the Cgy due to oxygen

6.2.1 Gruneisen parameter

The pressure dependence of the phonon frequency can be expressed through
the isothermal mode Griineisen parameter (y;r) defined as :
. BT (dVZ)
Yir = Vi “dP T

)

(6.3)

XP
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v; is the frequency of the i* phonon peak and By is the bulk modulus. ;7
can be estimated using the pressure coefficients xp for the phonon peaks and
the reported Br of Cgo [204, 205]. At ambient pressure, Lundin et al. reported
the room-temperature By as 6.8 GPa for the FCC phase of Cgg and upon
application of 1 GPa, the reported By was 9.5 GPa [205]. Whereas Ludwig et
al. reported Br as 13.4 GPa at 10 GPa applied pressure. In our work, v, was
calculated by considering Br as 9.5 GPa up to 1.1 GPa while, Br as 13.4 GPa
was considered. The estimated ;7 value for all the observed phonon peaks of
Cg0O were compared with the reported ~;r value of Cgy and included in Table
6.2.

At 1.2 Gpa, 1 of all observed peak of CgO are found to be negative.
Manghnani et al. reported negative Griineisen parameter of cupric oxide (Cuz0)
which suggests crystal instability and impending phase transformation induced
by pressure and/or temperature [206]. Instability of zirconium tungstate (ZrW,0Og)
crystal structure at 2.2 GPa also reported by its negative Griineisen parame-
ter [207]. It is known that FCC crystal structure of Cg is stable at ambient
condition. However the presence of negative Griineisen parameter in CgyO in-
fers structural instability upon application of pressure (<1.2 GPa). However,
above 1.2 GPa, positive Grineisen parameter explains structural stability in
its SC structure(FCC-to-SC) like Cgo. Above 1.2 GPa, positive ;1 leads to
expansion of crystal structure as intermolecular interaction increases. Meletov
et al. reported their experimental data for pristine Cgy by considering Br as
14.4 GPa with 29 GPa applied pressure [208]. The comparison table (Table
6.2) indicated that above 1.2 GPa, ~;r value of CgO cluster is smaller than
pristine Cgg. The effect of pressure on thermal conductivity can be explained by
considering the contribution of Griineisen parameter (discussed in Chapter 2).
Lower the Griineisen parameter, higher is the thermal conductivity. pressure

induced polymerization in Cg films influences its thermal conductivity due to
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Table 6.2: Phonon frequencies, pressure coefficients, and the Griineisen param-
eters for CgoO and pristine Cg.

Ce0O Pristine Cgy [208]
Phase 1 Phase 11 0.4< P <2.4 GPa
(P <1.2 GPa) (1.2< P <5.5 GPa)
v Xpr YiT Vi Xp YiT Vi YiT

(em™1) | (em™!GPa™1) (em™1) | (em™!GPa™1) (em™1)
256.3 -14 -0.606 | 1463.8 1.6 0.015 272 0.165
270.7 -5 -0.205 1467 0.053
1458.5 4 0.031
1468.3 -4 -0.030

its modified Grineisen parameter. It is reported that when Cgq clusters are
compressed above 0.3 GPa, its thermal conductivity increases [209]. The in-
teraction potential of covalent bonds between neighboring fullerene cages may
modify upon applied pressure that attributes to increase in Debye temperature
and heat transport [107]. During polymerization of fullerene cage, the phonon
density of states increases and hence its thermal conduction increases. The
difference in thermal conductivity between the polymerized and unpolymerized
state of Cgy was reported to be about 10% [107]. The compressed fullerene
molecules inside the carbon nanotube peapod structures increase their conduc-
tivities [101]. Thus, pressure induced polymerization in CgoO films influences

its thermal properties and the conductivity.

6.3 Pressure effects on Raman spectra of C;,0

Pressure dependent Raman spectroscopy of C;0O was attempted by using
632.8 nm laser excitation. The observed spectra are illustrated in the Fig-
ure 6.4. At ambient pressure the peaks are observed at 226.7(1), 259.5(1)
and 1564.6 cm™!. As the split in 259.5(1) cm™! peak was not observed us-
ing 632.8 nm excitation we could not examine the effects of pressure in C-O
bond. However, pressure effect was examined on the observed peaks assigned

to C7o. Raman spectra was studied by varying pressure up to 5.3 GPa shown
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in Figure6.4.

Upon increasing the pressure to 5.3 K, all Raman peaks of C;,O are found to
be blue-shifted. 259.5 cm~! peak is blue-shifted to 272.2 cm™! at 1.4 GPa. At
that amount of applied pressure, a new peak is observed at 290.1 cm™!. Both
259.5 cm™! and 290.1 em™! peaks are observed to be shifted linearly to higher
frequencies with pressure up to 5.3 GPa. The observed shift in these Raman
peaks with applied pressure is shown in Figure 6.5. The pressure induced shift
of corresponding peaks are fitted by Eq.3.13 and the fitting parameters 1, and
xp are tabulated in Table 6.3. The reported X-ray diffraction confirmed FCC-
to-RH phase transition of C;g at 1.2 GPa which is also evident from our study
(34, 35]. However, when pressure is increase up to 5.3 GPa, no further phase
transition was observed. Nonexistence of splitting in 1564.6 peak indicated no
polymerization in C7,O up to 5.3 GPa. The pressure below 1.4 GPa is denoted

as phase I and above 1.4 GPa it is denoted as phase II.
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Figure 6.4: Pressure dependent Raman spectra of C;oO measured up to 5.3 GPa
using 632.8 nm laser excitation in the frequency range (a)200-500 cm™! and
(b)1450-1700 cm !

6.4 Conclusion

In this chapter, the pressure effect on lattice vibration of photo-polymerized

Cg00O is examined. Pressure dependent red-shift in the low frequency Raman
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Figure 6.5: Pressure dependent Raman peak shifts observed for 259.5 cm ™! and
1564.6 cm™!) of C7oO

Table 6.3: Pressure coefficients(xp) of different peaks of C7,O

Raman peaks XP Xp
(Phase 1) (Phase 1T)
(em™! at 1 atm) | (em™ GPa™') | (ecm™' GPa™!)
259.5 10.5(1) 1.2(0)
290.1 - 0.6(1)
1564.6 6.5(5) 3.2(1)

peaks are ascribed to the reduced intra-molecular spacing and compression of
the cluster. Above 0.3 GPa freezing in the rotational motion of the molecules is
found. Above 1.2 GPa, the orientational phase transition of the cage occurred
which lead to the polymerization of CgqO. This phase transition is found to be
reversible with release of pressure. Pressure dependent Raman study of C;oO
is attempted although no peak assigned to C-O bond is observed.

Further, Griineisen parameter is estimated for all observed phonon peaks
of CgoO. Positive linear compressibility indicates contraction in single CgoO
molecule at 1.2 GPa. Negative 7,7 implies instability of crystal structure and
the phase transformation of CgoO up to 1.2 GPa. Whereas, positive ;7 con-
firmed its stable struture above 1.2 GPa.

Both electronic as well as phononic interactions contribute to higher ther-

mal conductivities of Cgy dimers [210]. Having large Seebeck coefficients and
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thermal conductivity, Cgy dimers and their derivatives show smaller ZT as
compared to single Cgg molecule [210, 211]. Above 1.2 GPa, ;1 value of CgoO
cluster is smaller than pristine Cgy. Reduced ;7 of CgO due to compres-
sion and polymerization indicates towards its increased thermal conductivity.
Hence, the pressure induced structural changes in CgoO molecules influences the

thermal conductance which in turn may affects their thermoelectric efficiency.
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CONCLUSIONS
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Chapter 7

Concluding remarks and future

prospects

In this chapter, I have summarized the findings of my research work. Based on

the conclusion drawn in this work, future prospects are also listed.

7.1 Concluding remarks

In the thrust to find potential material for thermoelectric applications un-
der extreme condition, we investigated the thermal conductivity of Gd@QCsg,,
Dy@Cygy,Cg0O and C7¢O in this thesis. The effect of thermal and mechanical
stress on lattice dynamics of these doped fullerenes and fullerene oxides are
studied.

In this thesis magnetic and vibrational properties of two EMFs,Gd@Cyg, and
Dy@Cgy under thermal variation have been studied to understand the charge
distribution between metal ion and the cage and their intra-molecular interac-
tions (Chapter 4). Brillouin function approximation in magnetometry studies
of Gd@Cgy and Dy@Cgy provides variation in the total angular momentum J
of the incarcerated ion as function of temperature which helps in understand-

ing the thermal variation in its oxidation state inside the fullerene cage. The
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oxidation states of Gd and Dy ion are obtained to be invariant above 15 K
and 40 K respectively suggesting no change in free electron transfer between
the ion and cage above the corresponding temperatures. However, the ther-
mal stress and associated anharmonicity are seen to modify the intra-molecular
bonds which is noted from the low temperature and laser power induced Raman
studies. Blue-shifts in Raman frequencies while decreasing the temperature in
both metal-cage and cage internal vibrations of EMFs describe thermal con-
traction and anharmonic effect in the molecules. The increase in force constant
of metal-cage vibration while lowering the temperature also confirms the con-
traction in intra-molecular bonds. Although, the linewidth of cage internal vi-
brations show minimal anharmonic interaction, metal-cage vibration linewidths
are found to be strongly sensitive to temperature. Gd-cage line broadening is
purely influenced by phonon-phonon interaction at low temperatures whereas,
the contribution of electron-phonon interaction is dominant at low temperature
in Dy-cage line broadening.

Two exohedral fullerenes, CgO (photo-polymerized) and CO (unpoly-
merized) showed thermal contraction in their intra and inter-molecular bonds
at low temperature (Chapter 5). By incorporating DFT calculation with
the temperature dependent Raman shifts, the change in C-O bond-length of
CgoO was examined and its thermal expansion coefficient of CgoO is found
to be 30x107% K~! which is larger than that of Cgy. Positive isobaric mode
Grineisen parameter and thermal expansion coefficient suggest the positive
volume expansion at 80 K in CgyO.

The effect of pressure on photo-polymerized CgoO film is also performed
to understand change in lattice vibrational properties due to intra and inter-
molecular interactions (Chapter 6). The observed red-shift in the low fre-
quency Raman peaks while increasing the pressure is ascribed to the reduced

intra-molecular spacing and compression of the cluster. The positive linear
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compressibility (0.186 GPa™') of CgO also suggests contraction in the cage
at 1.2 GPa. The polymerization of CgoO is further enhanced above 1.2 GPa.
Negative ;7 implies instability of crystal structure and the impending phase
transformation of CgqO below 1.2 GPa whereas, stable structure of the molecule
is confirmed above 1.2 GPa by its positive ~;r.

Thermal conductivity of Gd@QCgy, Dy@Cgy, CgoO and C7yO films are es-
timated by using the combinational effect of temperature and laser power on
observed phonon frequencies (Chapter 4 and 5). Thermal conductivity of
Gd@Cgy and Dy@Cgy are found to be weakly dependent on their phonon fre-
quencies. Considering metal-cage vibration, thermal conductivity of Gd@Cgs
and Dy@Cgy are observed to be 4.8 Wm™'K~! and 2.3 Wm 'K~!. Ther-
mal conductivity of CgoO and C7qO are found to be 0.7(2) Wm'K~! and
0.3(1) Wm~tK~! which is nearly independent of their frequencies. Thermal
conductivity of fullerene oxides are smaller than that of EMFs as they have
mostly phonon contributions to the heat conduction which occurs via lattice
vibrations of covalently bonded atoms. However, Gd@QCgy, and Dy@QCgs have
additional electron contribution to thermal conductivity due to the presence of
free charge carriers on both ion as well as the cage which results in their higher

thermal conductivity than that of undoped fullerenes.

7.2 Future prospects

In this work, temperature dependent lattice vibration was reported down to
80 K. As below 40 K, change in oxidation states of the ion inside the EMF's
are observed. In future, one can explore the study down to 2 K by using liquid
helium cooling system to understand the charge transfer between encaged ion
and cage.

This work confirms low thermal conductivity of both CgqO and C;oO which
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is prerequisite for higher figure of merit in thermoelectrics. Further exploration
of their Seebeck coefficient and electrical conductance can be utilized to use
these fullerene oxides as potential candidates in the thermoelectric devices.
This work provided an idea on Room and high temperature behaviour of
thermal conductivity of the doped fullerenes and fullerene oxides. One can also
explore the low temperature thermal conductivity behaviour in the fullerenes.
Due to pressure when fullerene cage gets compressed or polymerized, the
phonon density of states increases and hence their thermal conduction increases.
Here, it is proposed that the pressure induced structural changes in CgO
molecules may modulate the carriers contribution to the thermal conductance

which in turn affects their thermoelectric efficiency.
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Appendix

Magnetic study of Cgz,0O

In addition of this work, magnetometry study was performed on CgyO and C;oO
dried powder. Samples of Cgy (0.013 g) and CgO (0.006 g) were enclosed in
a capsule. The centering of sample positions was carried out by sweeping the
field from 0 to 100 Oe with a very small step. The magnetic measurements
were performed by sweeping the field from 0 to 20000 Oe with 1000 Oe step.
To eliminate the error in the measured magnetic moment of the fullerenes
due to the magnetic contribution from the background, the magnetisation of
an empty capsule sealed with teflon tape was measured. Figure A.1 shows
the magnetization of the empty capsule with the teflon tape at 300 K. The
magnetization was found to be negative. The accurate magnetisation of Cg
powder at 300 K is shown in Figure A.1 where the magnetic contribution of the
empty capsule with the teflon tape was eliminated from the sample inside the
capsule. For the pristine Cgg powder, negative moment is observed throughout

the temperature range 2-300 K shown in Figure A.2 revealing its diamagnetic

121
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Figure A.1: Magnetization of Cgy powder at 300 K as a function of applied
magnetic field with and without background subtraction. The magnetization
of the empty capsule is also shown on the graph for the comparison.

behaviour. The magnetic susceptibility of a material is defined as:

dM

= (A.1)

X

x of Cgp is found to be -3.8x 1077 emu/g at 20000 Oe. The obtained value
agrees with previous report [57]. At room temperature, CgoO shows diamag-
netic behavior. As obtained product consists of some traces of Cgp, the magnetic
contribution of Cgy needs to be subtracted from CgnO. After eliminating the
diamagnetic contribution of Cgy, susceptibility of CgoO is found to be -0.3 x
10" emu/g. The magnetization M(H) curve measured at 2 K and 300 K are
shown in Figure A.3(a) for photo-polymerized CgoO. Magnetic hysteresis is ob-
served for CgoO with coercive field H.=550 Oe and remanent magnetization
M,=3.22x10~* emu/g at 2 K. The presence of non-zero but small H. indi-
cates that CgoO exhibit long-range and weak ferromagnetic interactions in the
cluster.

temperature-dependent magnetizatic suseptibility of CgO was studied by
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Figure A.2: Magnetic susceptibility of Cgo as a function of temperature.

lowering the temperature to 2 K in zero-field cooled(ZFC) process at 10000e.
It is found that below 50 K, magnetic moment becomes positive and increases

gradually.
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Figure A.3: Magnetization(M) as a function of the applied magnetic field (H)
at T=2 K and 300K for CgO.

Magnetic study of C;,O

Samples of Czy (0.003 g) and CrO (0.004 g) were enclosed in a capsule.
The magnetic measurements were performed by sweeping the field from 0 to

30000 Oe with 1000 Oe step. Magnetic contribution of the capsule was ruled
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Figure A.4: Magnetic susceptibility of CgoO as a function of temperature.

out from the samples by eliminating its diamagnetic susceptibility. The mea-
surements were taken at 300 K and 2 K. Like pristine Cgy, Crq also show dia-
magnetic behaviour. The diamagnetic susceptibility of Crq is found to be -6.1x
107" emu/g. The obtained value is comparable with the previously reported
data [58]. After eliminating diamagnetic contribution of Cyg, susceptibility of

Cro0 is obtained to be -2.5 x 1077 emu/g at 20000 Oe. The M(H) curve mea-
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Figure A.5: Magnetization(M) as a function of the applied magnetic field (H)
at T=2 K and 300K for C;O.

sured at 2 K and 300 K are shown in Figure A.5 for C;,O. Magnetic hysteresis
is observed for CryO with H.=35 Oe and M,=1.8x1073 emu/g at 2 K. The
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presence of non-zero but small H, indicates that C;yO exhibit weak long-range
magnetic interactions in the cluster. To understand the magnetic behavior,
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Figure A.6: Magnetic susceptibility of C7,O as a function of temperature.

the temperature-dependent magnetization of C;oO was studied by lowering the
temperature to 2 K in a zero-field cooled(ZFC) process. Magnetic moment was
found to be positive below 120 K and increased gradually down to 2 K. It is

thus quite obvious that some magnetic interaction is growing in the system

below 120 K.
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