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1. Introduction

Carbon has been an outstanding element for centuries with the two main forms, namely
graphite and diamond. The discovery of the synthetic allotropes of carbon namely
fullerene, nanotubes, and graphene starting from the end of the last century, made
them a thriving �eld of research on their own. Due to their novel properties with
potentially rich applications, carbon nanostructures have attracted a wide range of
audience. A dramatic increase in exploration of the physics of carbon nanostructures
was witnessed during the last three decades.

The fullerene-based compounds that were investigated within this project can be
broadly classi�ed as Jahn-Teller active fulleride anions and orientationally-disordered
rotor-stator co-crystals. The samples that were studied are (Ph4P)2IC60, A4C60 (A = K
and Rb), and C60·C8H8. Alkali fulleride and (Ph4P)2IC60 were synthesized and char-
acterized as a part of this project.

The main investigation method in this work is the high-pressure infrared spec-
troscopy. To investigate the properties of matter over a wide energy range, a well-
established method is infrared spectroscopy. The vibrational and electronic spectra
provide information about the microscopic mechanism that contributes to the overall
electronic properties. In combination with the high-pressure technique, the infrared
spectroscopy is a holistic approach to tune the material property, since compression of
the lattice will directly in�uence the band width of electronic states. The main goals
are to understand the pressure dependence of the phenomena namely the Jahn-Teller
e�ects, insulator-to-metal transition, and orientational-ordering transition.

The C−
60 in (Ph4P)2IC60 were investigated to understand the Jahn-Teller dynamics

under high-pressure. (Ph4P)2IC60 is an ideal system to study nearly isolated C−
60 in

the solid-state environment due to the well positioned large cation. A vast amount of
data on the temperature dependence of (Ph4P)2IC60 by di�erent techniques are avail-
able [1�5]. On cooling, C−

60 in (Ph4P)2IC60 undergoes a dynamic-to-static Jann-Teller
transition. By lowering the temperature, both the lattice constants and the thermal
energy decreases whereas an increase in pressure only a�ects the former. The absence
of any pressure-dependent studies on (Ph4P)2IC60 made it an interesting compound to
be investigated in order to understand if the external pressure e�ects on (Ph4P)2IC60

1



1. Introduction

is similar to e�ects produced by lowering the temperature. Infrared spectroscopy is
a very sensitive technique as it can promptly re�ect the molecular symmetry changes
through splitting of the vibrational modes. By investigating the vibrational, elec-
tronic, and vibronic transitions in (Ph4P)2IC60, the pressure induced changes on the
Jahn-Teller distorted C−

60 can be understood.

In A4C60 (A = K, Rb) the interplay of the electron interaction, the Jahn-teller e�ect,
and the crystal �eld yield a very complex electronic behavior. At ambient conditions,
the insulating property of A4C60 was extensively studied by both theory and experi-
ment. Both A3C60 (A = K, Rb) and A4C60 have a partly-�lled t1u band with strikingly
di�erent properties; A3C60 is metallic and even superconducting at low temperature
while A4C60 is a Mott-Jahn-Teller insulator. An immense e�ort has been devoted to
understand the properties of the alkali fulleride series of compounds under extreme
conditions due to the superconducting behavior of A3C60. Among the scienti�c com-
munity working on A4C60, there are controversial ideas about their behavior under
pressure, especially the driving mechanism responsible for the insulator-to-metal tran-
sition. Thus, A4C60 are highly interesting compounds to study under high-pressure
by infrared spectroscopy over a broad spectral range, as it can shed light on electronic
states and would answer the open questions about the insulator-to-metal transitions.
Also the Jahn-Teller dynamics of C4−

60 under pressure is interesting, as it provides a
platform to understand the nature of the electronic behavior of the A4C60.

The other exciting compound that was investigated is the rotor stator co-crystal
C60·C8H8. The C60·C8H8 has a neutral fullerene molecule in an expanded fcc lattice
in comparison to pristine C60, which on cooling undergoes orientational ordering tran-
sition similar to the pristine fullerene. Both C60 and C60·C8H8 are held together by
weak Van der Waals interactions. The pressure induced orientational ordering transi-
tion in pristine C60 is a well studied phenomenon. This work is aimed at understanding
the driving mechanism and the in�uence of the cubane molecule in the orientational
ordering transition by investigating the vibrational properties of C60·C8H8 under hy-
drostatic pressure. Furthermore from the splitting of the infrared vibrational modes,
the recently discovered space group (Pnma) of the ordered C60·C8H8 phase can also
be con�rmed.

The upcoming Chapter 2 is dedicated to the physics of fullerene and fullerene-based
compounds which introduces various concepts that will be useful for understanding the
results of this thesis. Chapter 3 gives an overview of the experimental techniques in-
volved in this project, mainly infrared spectroscopy in combination with high-pressure
technique and other details related to this work. This chapter also presents the theories
related to the optical response functions and the models used for analyzing the optical
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spectra under pressure. In Chapter 4 the synthesis of samples and characterization
are reviewed in detail. The following three Chapters 5, 6, and 7 discuss the important
�nding of this work in detail about the Jahn-Teller e�ects in C−

60, insulator-to-metal
transitions in alkali fullerides, and orientational ordering transition in C60·C8H8, re-
spectively. Finally Chapter 8 outlines the most important �ndings of this thesis.
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2. Physics of fullerene and

fullerene-based materials

2.1. Introduction

This chapter gives an overview of physics of C60 and fulleride anions particularly C−
60

and C4−
60 that are related to this thesis. The vibrational and electronic properties of

fullerene are reviewed in detail. Other phenomena which are later used for discussion of
the results are introduced in this chapter such as the Jahn-Teller e�ect, pseudorotation,
vibronic coupling, orientational ordering transitions. Finally, section 2.11 is dedicated
to the infrared spectroscopy on fullerene and fulleride anions.

2.2. C60 fullerene molecule

Carbon, known for centuries, is a naturally abundant nonmetallic element, that has
atomic number 6 and belongs to the 4th group of the periodic table. The most com-
monly occurring natural allotropes of carbon are graphite and diamond which have
sp2 and sp3 hybridization, respectively. Fullerene, a molecular allotrope of carbon,
was discovered in 1985 by Kroto et al. [6]. Since then fullerene has fascinated the
scienti�c community and its discovery commemorated a new era of synthetic carbon
allotropes. In 1991, carbon nanotubes were added to this family by Iijima [7]. The
recent discovery of awe-inspiring graphene in 2004 by Novoselov and Geim [8], a one-
atom thick sheet of carbon atoms arranged in honeycomb pattern is a new brainchild
for researchers across the world.

Fullerene is a spherical molecule entirely composed of carbon atoms. C60 is the
most abundant fullerene which is followed by C70. Other higher fullerenes include
C76, C84 and more recently C80 [9]. The name fullerenes (nicknamed buckyball) was
a homage to R. Buckminster Fuller, an architect who constructed the geodesic domes
with similar structure. The discovery of fullerene by Kroto et al. was inadvertent while
attempting to understand the formation mechanism of long-chain carbon clusters in
interstellar space. Kroto, smalley and co-workers vaporized graphite in a high density
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2. Physics of fullerene and fullerene-based materials

Figure 2.1: (a) The truncated
icosahedron with
pentagonal and
hexagonal faces
and (b) molecular
structure of the
C60.

(a) (b)

helium �ow by a focused pulsed laser and analyzed the resulting distribution of carbon
clusters by time-of-�ight mass spectrometry [6]. They observed that for the clusters
formed by more than 40 atoms only the even number of atoms were stable. However
under certain conditions a peak at 720 amu corresponding to a cluster of 60 carbon
atoms (C60) was 40 times larger than neighboring peaks in the mass spectrum. They
proposed that this extraordinary stability of C60 could be explained by the perfect
symmetry of the molecule.

Finding fullerene in meteoroids was unsuccessful, which lead to the belief that
fullerene were man-made allotropes until Busecker et al. [10] reported the presence
of fullerene in carbonaceous rocks. Fullerene is predominantly synthesized in the lab
by various techniques, but it can also occur in nature when carbon atoms encounter
extreme conditions such as volcanoes, interstellar space, lightning, etc. Another con-
straint is that the e�ect of non-inert gases in nature can inhibit the growth and lifespan
of fullerene. However overcoming all odds, fullerene was indeed spotted in an usual
carbonaceous rock Shungite found in Shunga, Russia. In these 1.84 billion years old
rocks, the presence of C60 and C70 was con�rmed by HRTEM studies [10�12].

Synthesis of fullerene in macroscopic quantities was �rst reported by Krätschmer
et al. [13] by arc discharge method over graphite and this brought the revolution in
fullerene research. The structure of fullerene is a truncated icosahedron formed by
removing the corners of a regular icosahedron, as shown in Fig. 2.1 (a). C60 consists
of sixty equivalent carbon atoms in a spherical network with the shape of a football as
shown in Fig.2.1 (b) with Ih point group symmetry. The surface of the C60 sphere with
a diameter of 7 Å is formed by 12 pentagons and 20 hexagons. Each atom of C60 has a
sp2-like hybridization, but the curvature of the sphere gives rise to a small admixture
of sp3-character. Each carbon atom has 4 valence electrons, three of which occupy
the lower lying molecular orbital (MO) forming the σ�bond that stabilizes the cage
and the fourth electron participates in the formation of outermost molecular orbitals
with π�characteristics. The C60 molecule consists of 360 electrons, out of which 120
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2.3. C60 fullerides

1.40 Å

1.45 Å

Figure 2.2: Schematic rep-
resentation of
single (1.45
Å) and double
bond (1.40
Å) alterna-
tion of carbon
atoms in C60

molecule [16]

are core electrons and the remaining 240 electrons belong to the valence molecular
orbitals which delocalize over the spherical surface of the molecule. The 60 conjugated
π electrons are mainly responsible for the electronic properties of C60. The two type of
carbon bonds forming the C60 molecules are shown in Fig. 2.2; (i) there are 30 double
bonds (C=C) of length 1.40 Å, that fuse two hexagons and (ii) 60 longer single bonds
of length 1.45 Å that hold the pentagon to hexagon [14]. This results in conjugation,
that is known as alternation of single and double bonds [15]. Di�erence in the bond
length gives rise to a non-uniform electron density distribution over the molecule. This
project is on C60-based compounds, so any further reference to fullerene will refer to
C60 unless stated otherwise.

2.3. C60 fullerides

The C60 molecule in the solid-state forms a face centered cubic (fcc) structure as shown
in Fig. 2.3. The crystalline form of fullerene is termed as fullerites. The C60 molecules
in fcc lattice are held together by the weak Van der Waals interaction. The symmetry
of fcc C60 is Fm3̄m and the lattice constant is a = 14.17 Å with the nearest-neighbor
distance of 10.02 Å [17]. The cubic symmetry is not compatible with Ih space group,
thus the equivalence of all the carbon atoms as in the case of the molecule is not valid
in the solid C60, giving rise to three inequivalent carbon atoms in fulleride crystals.

In the solid-state, the electronic properties of the insulating C60 crystal are inherited
from the molecular ones [16]. At room temperature, the C60 molecules are orienta-
tionally disordered and undergo continuous reorientation. Therefore all the four C60

molecules of the cubic cell become equivalent in time average. Crystals which have
such rapidly reorienting molecules with e�ective symmetry higher than the molecular
symmetry are known as plastic crystals.

The C60 crystal is a fairly open structure with voids. The fcc C60 has a tetrahedral

7



2. Physics of fullerene and fullerene-based materials

Figure 2.3: Structure of
solid face
centered cubic
C60.

and octahedral interstitial site of size 2.2 Å and 4.2 Å, respectively [16]. These empty
sites provide immense opportunities for doping chemistry. The high electronegativity
of the C60 makes it a potential host for reductive intercalation chemistry. The octa-
hedral sites are large enough to intercalate any alkali ion while the tetrahedral site
can only accommodate Li+ and Na+ without expanding the lattice. Depending on the
number and nature of the intercalated molecule the structure and properties of the
solid vary. The most extensively investigated intercalated compounds are the family
of alkali metal, alkaline earth metal and rare earth fullerides.

2.4. Group theoretical background

The group theory can simplify the theoretical framework for describing the electronic
structure of the icosahedral fullerene. In order to analyze the vibrational and elec-
tronic spectra of fullerene-based material, a basic understanding of group theory and
transformation of the 180 degrees of freedom of C60 by symmetry operation of the Ih
point group is important. C60 has high symmetry that leads to many degeneracies
in the vibrational modes and the electronic levels. The eigenstates of C60 are conve-
niently classi�ed using symmetry in terms of irreducible representations (irreps) of the
icosahedral point group.

A molecule with N atoms will have 3N � 6 normal modes, that include vibrational,
translational and rotational degrees of freedom. For a non-linear molecule, the trans-
lational and rotational motions are ignored to determine the number of normal modes
(i.e. 3N � the number of the non-vibrational motions). A normal mode vibration of a
molecule can be explained as when the atoms in the molecule move with the same vi-
brational frequency and simultaneously pass through their equilibrium positions with
the center of mass remaining in the same position.

According to the group theory the 180 degrees of freedom of C60 molecule can be

8



2.5. Electronic structure of fullerene

written as [18]

Γvib = 2Ag + 3T1g + 4T2g + 6Gg + 8Hg + Au + 4T1u + 5T2u + 6Gu + 7Hu (2.1)

The T1u and T1g correspond to translational and rotational modes, respectively and
hence omitting these modes we obtain 174 normal vibrational modes [19]. A C60

molecule has 120 symmetry operations, as it belongs to the highest symmetry point
group allowed in the three dimensional space. High symmetry of the molecule leads to
high degree of degeneracy of the molecular orbitals. The group theory notations are
useful for describing the symmetry of C60 molecule which are as follows:

• The normal modes of the molecules are identi�ed using irreducible representa-
tions (irreps). Each irrep is de�ned by basic functions that transform among
themselves.

• The label A, E, T, G, and H are used to label sets of 1, 2, 3, 4, and 5 degrees of
freedom, respectively.

• Additional labels g and u stand for gerade and ungerade, respectively. These are
used to distinguish between irreps that have even and odd natures.

• The electronic states will be labeled using lowercase letters and the vibrational
states by the uppercase letters. For example, the t⊗ H system involves a coupling
of a triply degenerate electronic state with the �vefold degenerate vibrational
state.

2.5. Electronic structure of fullerene

The high degree of symmetry makes the calculation of the molecular orbitals easy
which could otherwise be di�cult to obtain for such a large number of electrons. For
solid C60 there are two energy scales: (i) associated to the strong covalent bonds of the
cage and (ii) due to the weak Van der Waals inter-fullerene interactions of the solid.
The most important electronic states of C60 are the highest occupied molecular orbital
(HOMO), which is �vefold degenerate with hu symmetry and the lowest unoccupied
molecular orbital (LUMO), which is threefold degenerate with t1u symmetry. The
LUMO, which is strongly electronegative has a non-bonding nature. The HOMO is
completely occupied by ten electrons. These states can be calculated using Hückel
theory of molecular orbitals for C60 and are shown in Fig. 2.4 [20]. The neutral C60 is
a semiconductor with an energy gap of 1.87 eV (between the HOMO and LUMO) [22].
When new electrons are added to the C60, the conduction band �lls progressively and

9



2. Physics of fullerene and fullerene-based materials

E
n

e
rg

y
 (

β
)

Figure 2.4.: Molecular orbital levels for the C60 from a Hückel calculation (unscaled β,
where β is the resonance integral). The �lled states are represented by +
and the empty states by � [20,21].

in turn it in�uences the electronic properties of the solid. For isolated C60 molecule,
the two bond lengths are the only degrees of freedom of its equilibrium structure. The
solid C60 has additional degrees of freedom of the Bravais lattice, the orientation, the
number of molecular units within the primitive cell, and the distortion of the molecule
due to the crystal �eld [23].

When a system has perfect symmetry, the energy levels are characterized by the
angular momentum number l. For icosahedral symmetry, l is no longer a good quantum
number, whereas the energy levels of C60 still preserve the well-de�ned l character. The
second and third highest occupied states gg and hg correspond to l=4 states of the
spherical symmetry, and highest occupied state hu and lowest unoccupied state t1u to
the l = 5 states. The optical transitions from a state characterized by l to the outer
state l±1 are expected to have strong oscillator strengths [24]. Fig. 2.5 shows the
energy level diagram of C60 molecule and its band structure. The optically-allowed
transitions in C60 are indicated by arrows in Fig 2.5(a). Table 2.1 summarizes the
excitations with its corresponding theoretical energies.

From the bottom of the valence band to 15 eV above the conduction band minimum,
C60 has nearly 250 bands. Thus it is worth developing a simple model to describe the
molecular orbitals as shown in Fig. 2.4 [25]. For fcc C60, the levels between -6 and
+7 eV are assigned to the π-bond states which have considerable dispersion. As the
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2.5. Electronic structure of fullerene

Degeneracy

E
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rg
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(e
V

)
(a) (b)

Figure 2.5.: (a) Electronic energy levels of the C60 molecule (left) and the band struc-
ture of the fcc C60 (right), and (b) band structure of fcc C60 around the
energy gap [26]

π-bonds of C60 spreads outside the molecule more than the σ bond thus having a larger
intermolecular overlap [26]. The levels above 7 eV are assigned to antibonding σ-states,
which has a little dispersion in fcc C60. The rotation of the fullerene in fcc C60 a�ects
the dispersion of the energy bands since the fullerene is not perfectly spherical due to
the presence of the internal bond network. Furthermore, the rotation of the C60 in fcc
lattice smears out the detailed dispersion of the energy band.

The electronic properties can be modi�ed even by a weak interaction in fullerene-
based materials by lifting the ground state degeneracy. One of the ways to do it is

Optical excitations energies (eV)

hu→t1g 2.87
hg→t1u 3.07
hu→hg 4.06
gg→t2u 5.09
hg→t2u 5.17
hu→gg 5.87

Table 2.1.: Assignment of optical excitations of C60 and its energies [26].

11



2. Physics of fullerene and fullerene-based materials

by doping. There are three possible doping types: (i) exohedral doping (intercalation
in the solid phase), (ii) endohedral doping (doping inside the fullerene cage), and
(iii) Hetrofullerene formation (on-ball doping by substituting carbon atoms mainly
with nitrogen atoms). Addition of electrons into the LUMO can completely change
the properties of C60. For example, C60 can be tuned from insulator to metal or
even to superconducting state at low temperature by doping. The energy scale of
their electron-lattice interaction is comparable to their electronic bandwidth, therefore
the interplay between the electronic and lattice degrees of freedom is important in
fullerenes [27].

The following sections will introduce di�erent phenomena and terminologies related
to C60-based compounds, that will be used in this thesis.

2.6. An introduction to Jahn-Teller e�ect

The Jahn-Teller (JT) e�ect can be stated as all nonlinear polyatomic molecular system
in a degenerate electronic state will be unstable and will undergo distortion to form a

system of a lower symmetry and lower energy thereby removing the degeneracy. This
was initially articulated in 1934 by L. D. Landau and E. Teller while discussing the
stability of CO2 molecule [28]. In 1937 it was veri�ed by Hermann Arthur Jahn and
Edward Teller with the use of the group theory. They showed that any system of
linear molecule with degenerate electronic states should be stable with no exceptions.
The theorem in other words can be put forward as the stability and degeneracy are
not simultaneously possible unless the molecule is colinear. When a system has two
or more distinct states with exactly the same energy, nature tries to avoid this by
inducing a physical distortion of the molecule so as to split the energy levels apart [29],
which is known as the Jahn-teller distortion (JTD). In general, the systems with
higher symmetry result in large number of symmetry operations in the group, thus
the degeneracy of the energy levels will be higher. When a perturbation is applied
to lower the symmetry, the degeneracy of the molecule can be reduced. Suppose a
molecule or a crystal is squeezed to lower its symmetry, it would most likely lift some
of the level degeneracies. The work within this project involves Jahn-Teller active
C60-based compounds such as C−

60 and C4−
60 , thus the Jahn-Teller e�ects in fullerene

are introduced here. Essentially the starting point is the adiabatic approximation to
further understand the Jahn-Teller e�ect.
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2.6. An introduction to Jahn-Teller e�ect

2.6.1. Adiabatic approximation

To understand the quantum mechanical treatment of the molecular structure, some
simple approximations are made. The most basic of them is the adiabatic or Born-
Oppenheimer approximation, which assumes that the nuclear and electronic motions
can be separated as their masses are signi�cantly di�erent which in turn give rise
to the di�erence in their velocity. The heavier nuclei move much more slowly than
the electrons. Therefore for each instantaneous position of the nuclei, a stationary
distribution of the electronic cloud can be attained. The nuclei move in the average
�eld of the electrons, which is thus a function of nuclear coordinates. The Jahn-Teller
e�ect is a most striking deviation from the adiabatic approximation. At the point of
electronic degeneracy the adiabatic approximation breaks down and there is vibronic
coupling between the electronic states and the nuclear motion. This could otherwise
be explained as in a system with Jahn-Teller e�ect, the electrons do not adiabatically
follow the motions of the nuclei, and the nuclear states are determined not only by the
average �eld of electrons, but also by the details of the electronic structure, and their
changes under nuclear displacements.

The Hamiltonian of a molecule or crystal can be written as

H = HQ +Hr +M(r,Q) (2.2)

where HQ is the kinetic energy of the nuclei, Hr is the electronic component, and
M(r,Q) refers to the vibronic interaction energy (i.e. the potential energy between the
electron-nuclei, electron-electron and nuclei-nuclei), where r and Q marks the set of
electrons and nuclei coordinates, respectively.

2.6.2. Adiabatic potential energy surface

The di�erence in the timescale of the electronic and nuclear motion leads to the so-
called electronic adiabatic approximation. By assuming that the nuclei is �xed in a
spatial con�guration, the electronic eigenvalues as a function of this chosen nuclear
coordinate describes a curve and it is known as the adiabatic potential energy surfaces
(APES). When the coupling strength is strong, the energy di�erence between the
APES will be much greater than the vibrational energy h̄ω. Thus, the nuclear motion
will be con�ned to the lowest APES. For linear coupling terms, the APES will have
either trough i.e. continuous equal energy surface or wells i.e. distinct minima. The
nature of the Jahn-Teller e�ect in terms of APES can be explained on the basis of the
strength of the coupling. For in�nite coupling, the well are in�nitely deep, thus the JT
system is localized in one of the wells. The eigenstates of the system will be associated

13



2. Physics of fullerene and fullerene-based materials

with the well states. Such a condition is termed as the static JT system. Similarly the
dynamic JT e�ect can be explained when the system has a �nite coupling strength.
The height of the barriers between the well are �nite, therefore the system can tunnel
from one well to the other. The correct eigenstates will be symmetry adapted states
which are linear combination of the well states. The tunneling between the wells of
the APES is known as the dynamical JT e�ect.

2.7. Jahn-Teller e�ects in fullerene-based materials

When the Born-Oppenheimer approximation fails, the non adiabatic terms become
sizeable which has to be accounted for in the expression for the total energy. These
terms couple electronic and nuclear motion, inducing transitions between the electronic
states. Typical examples are molecules with degenerate ground state, where transi-
tions between the degenerate states are easily induced by this coupling. The high
symmetry of the C60 molecule leads to highly degenerate electronic and vibrational
levels. According to the JT theorem, the non-linear system with electronic degeneracy
is distorted by the coupling of the electrons to some speci�c molecular vibrations called
the JT active modes, so as to lift the degeneracy and lower the total energy. For C60

ions the electron(s) of the t1u orbital are spread over the entire surface of the fullerene
and can couple to the vibrations of the molecular cage itself. Generally not all the
modes can couple to the electronic orbital to give rise to Jahn-Teller interactions. In
C60 molecule, among the 174 normal vibrational modes, only 2 Ag and 8 Hg modes
satisfy the conditions to be JT active modes. Thus, the t1u electronic state is allowed
to couple only to these normal mode. The coupling to the Ag mode is usually neglected
as it is a breathing mode and thus does not a�ect the electronic degeneracy but only
introduces a constant shift in the energy levels. In C60, the vibronic coupling is due
to the t1u mode coupled to the 8 Hg mode and can be expressed as t1u ⊗ 8 Hg. The
coupling to 8 Hg can be reduced to one e�ective mode because this reduction does af-
fect much the energy levels. Therefore, t1u ⊗ Hg can be used as a good approximation
to analyze the vibronic coupling in fullerene molecules [30]. The common notation
used for expressing the JT e�ect in fulleride ions is pn ⊗ H where pn represents the n
number of electron con�guration in the atom [31]. Klupp et al. have discussed well the
theoretical background for the Jahn-Teller active fullerene-based compounds, which is
brie�y presented here [31].

The Hamiltonian for pn ⊗ H system with linear coupling can be written as [32]
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2.7. Jahn-Teller e�ects in fullerene-based materials

Figure 2.6.: The possible distortion of the fulleride ions. The atoms marked in black
are above the plane of the paper and those with grey are below the plane
of the paper. [33].

Ĥ = −1

2

5∑
i=1

∂2

∂Q2
i

+
1

2

5∑
i=1

Q2
i + M̂(Qi) (2.3)

where M̂ (Qi) is the vibronic interaction energy and Qi are normal coordinates
spanning a �ve dimensional space containing the APES. The �rst term represent the
kinetic energy and the second is the potential energy ( �V ) of the �ve simple harmonic
oscillators, which together transform as the H irrep, with coordinates Qn (n = 1,...,5).
The APES of the potential energy does not have a single minimum but has a three di-
mensional spherical subspace of the �ve dimensional Q space. The smallest eigenvalue
of the M matrix is -ηkQ where η is the constant that depends on the charged state of
fulleride ion [30] and k is the vibronic coupling constant. With this we get,

V̂ =
1

2
Q2 − ηkQ (2.4)

which has a minimum at Q = ηk with the Jahn-Teller energy of 1
2
k2. This result

hold good for all the 8 Hg modes of Cn−
60 . Therefore the APES is a 3D spherical surface

with radius ηk.

For example [33], C4−
60 belongs to p4 ⊗ H system, the allowed Jahn-Teller distortions

for isolate ion are predicted to be D2h, D3d or D5d [32]. Fig. 2.6 shows the possible
distortions with C5, C3, and C2 axes perpendicular to the plane of the paper for D5d,
D3d, and D2h, respectively. This system has a minima at D3d or D5d symmetry and a
saddle points at D2h symmetry. The C−

60 and C2−
60 molecules are either elongated or

compressed along the C5 axis by D5d symmetry similar to the C4−
60 ion. The distortion

corresponding to the minimum of the APES is prolate in p ⊗ H and p 2 ⊗ H system i.e.

in C−
60 and C2−

60 , respectively. And an oblate distortion for p4 ⊗ H and p5 ⊗ H system
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2. Physics of fullerene and fullerene-based materials

Figure 2.7: Splitting of the Tu orbital
scheme of C60

− (a) prolate or
(b) oblate distortion from Ih
to D5d symmetry with corre-
sponding electronic con�gura-
tions [35].

[34]. Fig. 2.7 (a) shows a distortion with �vefold symmetry axis in D5d point group for
C−

60 [35]. Since all points on the APES corresponding to the minimum are equivalent,
all distortion corresponding to these points are equally probable. This leads to the
continuous change of the main axis, with the molecule undergoing pseudorotation
[32,34].

2.8. Pseudorotation

A system tunnels through the wells and in case of a trough the tunneling is substituted
by the rotation of the distortion. For example, in C60 anions the Jahn-teller e�ect
can distort in six di�erent directions for D5d symmetry and ten directions for D3d

symmetry [36]. If the APES contains wells, the symmetry is restored by tunneling
between the wells, and if it contains troughs the symmetry is restored by free or
hindered rotations of the distortion around the trough [37]. During pseudorotation the
point group of the molecule changes while it remains icosahedral on the average [31].

The pseudorotation is clearly di�erent from the real rotation. The pseudorotation
is an intramolecular motion in an angular direction which appears as a �uctuation
traveling through the distorted geometrical center of the cluster as shown in Fig 2.8
(a). Real rotation can be explained as when all atoms of the molecule rotates simul-
taneously around a proper axis as shown in Fig. 2.8 (b) wherein one of the atoms
is marked in red to guide the eye. The pseudorotation in C60-based compounds are
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2.8. Pseudorotation

Figure 2.8.: Schematic representation of (a) pseudorotation and (b) real rotation of
C60

− ion. One of the carbon atoms has been colored red for reference [37].

expected to occur in the time scale of a few femtoseconds faster than the molecular
rotation which itself occurs on a time scale of few picoseconds [38]. The pseudorotation
was studied theoretically on E ⊗ e for both linear and quadratic JT coupling. E ⊗ e
system was chosen as it is relatively simple system with low dimensionality and the
idea can be extended to more complicated systems. Fig. 2.9 illustrates the pseudorota-
tion pictorially for linear and quadratic coupling in the E ⊗ e system. Pseudorotation
can be classi�ed as free-rotation, hindered rotation, and pulsating rotation. Free ro-
tation, occurs when the APES has trough and the system is free to rotate among
these minimum. The APES of free rotation is illustrated in Fig. 2.9 (b). Hindered
rotation has APES as seen in Fig. 2.9 (c), it occurs when there are potential barriers
between discrete minima that are small compared to the quanta associated with the
radial vibration, then the system can stay in the minima for a longer time than at
the maximum of the barrier. The resulting motion appears as slow changes in the
nuclear con�gurations. And pulsating motion takes place if the height of the potential
barrier is larger than the quantum of radial vibration. The APES for pulsating or
�uctuating type of pseudorotation can be visualized as shown in Fig. 2.9 (a). The
dynamical motion of the system is described by the localized vibrations in the minima
accompanied by tunneling between them, the motion would appear as periodic change
in the orientation of the distorted nuclear con�guration and this could lead to tunnel
splitting which is a signi�cant observable of the JT e�ect. Hands et al. [38] derives the
pseudorotational period Tp for E ⊗ e system theoretically which is given by

Tp =
2πh̄

∆
(2.5)
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2. Physics of fullerene and fullerene-based materials

(i)

(ii)

(a) (b) (c)

Figure 2.9.: (i)APES of E ⊗ e (black point) in Q space with consecutive inclusion of
linear (V1) and quadratic (V2) coupling. (ii) representation of the orien-
tation of triatomic molecule in real space. a (i) and (ii) represents the
system with no coupling. b (i) illustrates the free rotation around the
trough and (ii) represents the corresponding distortion of molecule in real
space. (c) (i) shows the system locked in one of the wells giving rise to
hindered rotation and (ii) bold points on the circles shows the positions of
the wells where the atoms rest for a longer time before moving to another
position in real space [38].

and the rate is given by

Rp = T−1
p =

∆

2πh̄
(2.6)

where ∆ is the di�erence between the energies of the tunneling states and ground
state. Experimentally, pseudorotation can be detected by ultra fast spectroscopic
techniques.

2.9. Vibronic Coupling

The term vibronic is formed by concatenation of the terms vibrational and electronic,
which denotes the coupling between the electronic states and molecular vibrations,
that is responsible for the JT e�ect. The vibronic coupling is one of the fundamental
type coupling in molecules and solids, it plays an important role in the JTE, charge
transport, superconductivity, etc. The distortion of the molecule is in�uenced by the
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2.9. Vibronic Coupling

motion of the electrons and results in vibronic interactions in the direction of the
distortion.

According to Hückel molecular orbital theory, the extra electrons are added to the t1u
molecular orbital. As described in Sec. 2.7, the vibronic coupling problem in fullerene-
based ions can be written as t1u ⊗ 8 Hg problem. The �rst work on vibronic coupling
of C−

60 was published by Varma et al. in 1991 [39]. Gunnarsson et al. in 1995 studied
experimentally the vibronic coupling in fullerene by photoelectron spectroscopy of C−

60

and also evaluated the coupling constants [40].

There are several theoretical approaches to analyze vibronic coupling in fullerene-
based compounds by taking into account di�erent interactions and types of coupling
(e.g. linear/quadratic). The Hamiltonian for simple molecular problem may be written
down in di�erent forms, but a simple comparison of the Hamiltonians can be made
to relate the alternative forms. As an example the JT Hamiltonian for the t1u ⊗ Hg

(taking into account only a single vibrational mode) can be written as [41]

Ĥ =
∑
i

(
P 2
i

2µ
+

1

2
µω2Q2

i

)
+ VH

∑
i

QiCi (2.7)

where VH is the coupling constant, µ is the reduced mass, ω is the frequency, and
Pi is the momenta conjugate to Qi. The Ci are the electronic operators summed over
all the �ve components of i of the hg modes. A label (e.g. k) must be added to VH ,
ω, and EJT when more than one mode of a given symmetry is included such as in
t1u ⊗ 8 Hg. For this the JT energy is given by

EJT = − V 2
H

5µω2
(2.8)

and the coupling strength according to calculations based on a frozen-phonon tech-

nique is given by gk =
√
2µω2

kE
(k)
JT

[42].

The coupling strength determines the nature of the Jahn-Teller distortion. If the
coupling is very strong, it results in static JT distortion and it can be conceived as
the molecule is permanently distorted into a con�guration of lower symmetry. If the
coupling is weaker, then the situation is described in terms of a dynamic JTE, where
the system continually migrates between several equivalent symmetry as a result of
quantum mechanical tunneling. The rate of tunneling is directly in�uenced by the
coupling strength.

19



2. Physics of fullerene and fullerene-based materials

2.10. Orientational ordering transitions in C60

At room temperature NMR spectra showed a narrow line at characteristic frequency
for aromatic carbons. This narrow line is due to the fact that the chemical shift
anisotropies are averaged out which demonstrates the rapid rotation of C60 molecule
isotropically in solid state. The fullerene molecules rotate freely at picoseconds time
scale, owing to its spherical shape [43]. Heiney et al [17] in 1991 �rst reported the
orientational ordering phase transition at 250 K. It was also con�rmed by several
experiments for example di�erential scanning calorimetry (DSC) [17], 13C-NMR [44]
measurements, neutron di�raction measurement [45], thermal conductivity [46], and
infrared spectroscopy [47,48]. Below the orientational ordering transition temperature,
the molecules perform thermally activated jump-di�usion between two nearly degen-
erate orientations separated by a potential barrier ∼12 meV and an energy barrier of
∼260 meV experimentally (∼300 meV theoretically) [49]. The molecules are orien-
tationally ordered on four di�erent sublattices [50] and the symmetry of the ordered
phase was determined by XRD to be simple cubic (sc) with Pā3 point group [17]. The
orientational ordering transition was also well investigated theoretically [51]. The en-
ergy bands for the orientationally disordered and ordered phase di�er from each other
considerably.

Not only temperature lowering of C60 can induce orientational ordering transition
but also the application of external pressure can have similar e�ects. The pres-
sure dependent orientational ordering transition on C60 molecules was reported by
pressure-dependent di�erential thermal analysis (DTA) [52], XRD [53], etc. The fcc-
sc phase transition temperature increased with increase of pressure at the rate of
10.4±0.2 K/kbar. Furthermore, the pressure a�ects the �uctuations in the ordered
low temperature phase with nearly a complete suppression of the �uctuations at about
8 kbar at room temperature [52].

Within this project the orientational ordering transition in C60·C8H8 is investigated
under high pressure in order to probe the critical transition pressure and evaluate the
driving mechanism of the transition.

2.11. Infrared spectroscopy on C60

Vibrational spectroscopic techniques are powerful tools to investigate C60-based com-
pounds, since they can detect any symmetry changes of the molecule. The degree of
the splitting of the phonon modes in infrared and Raman spectroscopy can provide
information about the symmetry of the molecule. C60 has only 4 T1u IR active modes
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2.11. Infrared spectroscopy on C60

Figure 2.10.: The real ε1(ω) and imaginary parts (ε2(ω)) of the dielectric function
for C60 over a wide frequency range based on FTIR transmission data,
variable angle spectroscopic ellipsometry data, and electron energy loss
spectroscopy data [54]. The arrow on the left side of the upper panned
points to the low-frequency value of the dielectric constant obtained from
capacitance measurements (ε1 = 4.4).

due to the symmetry considerations. The IR spectrum of the solid C60 is nearly the
same as that of the isolated C60 molecule, this re�ects the highly molecular nature of
the solid C60. By infrared spectroscopy a variety of phenomena can be investigated in
fullerene and its ions, such as the orientational ordering transition, insulator-to-metal
transition, JT e�ects, charge transfer, etc. The optical data [ε(ω)] of solid C60 �lm
over a very broad range (about 0.05 to 13 eV) is presented in Fig. 2.10. The upper
panel shows the frequency dependence of the dispersive part [ε1(ω); real part] and the
lower panel shows the absorptive part [ε2(ω); imaginary part] of the dielectric func-
tion of solid C60. The optical properties of solids are often discussed in terms of the
dielectric function [ε(ω) = ε1(ω)+ε2(ω)], that is introduced along with its relation to
other optical response functions in Chapter. 3.2. The dielectric function spectra of
C60 shows the molecular vibrations below 0.3 eV (see Fig. 2.10). The near infrared
(NIR) spectrum of the neutral C60 is almost featureless while that of anions carry
information about the electronic transition between the split LUMO levels due to the
presence of additional electrons. This region of the spectra also covers the weak but
complex vibronic structure arising from the nature of Jahn-teller e�ect in fulleride ions.
Above 2.5 eV the symmetry-allowed optical transitions are observed. Beyond 7 eV, the
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2. Physics of fullerene and fullerene-based materials

(a) (b)

Figure 2.11.: (a) Re�ectivity of stable phases of C60, Rb1C60, K3C60, K4C60 and K6C60

at room temperature. (b) Frequency shift of corresponding T1u vibra-
tional modes for di�erent valence state x [55].

data from the energy loss spectroscopy studies (see Fig. 2.10) show the higher energy
excitations. The electronic properties of the solid fullerides are closely related to the
isolated molecules.
The vibrational modes of the C60 can serve as a marker to estimate the charge of

the doped fullerides. Fig. 2.11 shows the development of the vibrational spectra of
C60 for di�erent alkali doping at ambient conditions [55].
Within this project orientational ordering, Jahn-Teller e�ect, insulator-to-metal

transitions are the main investigated phenomena on fullerene-based compounds. To
probe the consequence of JT e�ect by spectroscopic technique is not an easy task as
most of the C60-based material undergoes a variety of phenomena. Thus, the spectrum
has to be analyzed carefully to understand the JT e�ect on fullerides in addition to
the e�ects of the solid-state environment.
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3. Experimental methods

3.1. Introduction

In this chapter, an introduction to the optical response functions and its relation
to the measured infrared quantities are presented. The main technique involved in
this project is high-pressure infrared spectroscopy and hence a detailed description
of all aspects of the high-pressure measurements are given in section 3.3 and infrared
spectroscopy is discussed in section 3.4. The models used for the analysis of the infrared
data are also discussed. Furthermore, a brief introduction of ATR-FTIR spectroscopy
is give as it was used for characterization of the sample.

3.2. Basic concept of infrared spectroscopy

Spectroscopy is a powerful tool to study properties of matter through the interaction of
light. By the use of infrared spectroscopy, the microscopic carrier dynamics and elec-
tronic structure in organic and inorganic compounds with strong electron correlations
can be probed. A variety of phenomena can be addressed by infrared spectroscopy
such as low-energy states, impurity levels in semiconductors, interband transitions, res-
onance, and superconducting gap transitions. Atoms and molecules undergo motions
having characteristic energies and when light interacts with these motions it provides
information about them. As the light falls on the sample, it causes the charges in
the medium to oscillate and hence emits additional light waves that can travel in all
direction. Measuring this light can provide a great deal of information about the prop-
erties of the sample. Optical experiments of re�ectivity, transmission, and refraction
provide the way to determine the dielectric function of solid, which is related to the
band structure.

From the infrared measurement, complete optical response of the sample can be
deduced. The optical response functions related to the properties of material such
as the complex dielectric function ε(ω), the complex optical conductivity σ(ω) or the
fundamental excitation frequencies are introduced brie�y in this subsection. These
functions can be deduced from the Maxwell's equation with an assumption that the
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charge density is zero and are written as [56]:

ε1(ω) = n(ω)2 − k(ω)2 (3.1)

ε2(ω) = 2n(ω)k(ω). (3.2)

σ1(ω) =
ω

4π
ε2(ω) (3.3)

and

σ2(ω) =
ω

4π
(ε∞ − ε1(ω)). (3.4)

where ε1(σ1 ) and ε2(σ2) are the real and imaginary parts of the dielectric fuction
(optical conductivity), respectively.

The complex dielectric function is related to the complex optical conductivity by
the expression

ε̃(ω) = 1 +
4πi

ω
σ̃(ω). (3.5)

The dynamical conductivity σ(q,ω) is the linear response function that relates cur-
rent density to the electric �eld. The optical conductivity [σ(ω)] can be de�ned as the
response of the material to electromagnetic waves with wavelengths much longer than
the characteristic length scales of the condensed electronic systems. The dissipation of
electromagnetic energy in the medium is given by the real part of the optical conduc-
tivity σ1(ω) and the screening of the applied �eld is given by the imaginary part σ2(ω).
The complex index of refraction of the medium N is represented by N =

√
ε = n + ik,

where n is the refractive index and k the extinction coe�cient. The Kramers-Kronig
relation connects the real and imaginary parts of complex functions such as dielectric
function, optical conductivity, or refractive index [56]. In infrared spectroscopy it is
not possible to directly measure the optical response function such as n, k, σ1, or ε1.
The possible measurable quantities are the re�ectivity R and transmission T.

Transmission

The transmission or transmittance (T ) of the samples can be obtained by the ratio of
intensity of the beam transmitted by the sample (I s) to that of the reference (I r) as
given by:

T (ω) = Is/Ir (3.6)
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3.2. Basic concept of infrared spectroscopy

Reference (I r) is the light transmitted through the same optical path of the measure-
ment without the sample. Generally, transmittance data is converted into absorbance
(A) for performing further analysis by using the relation:

A(ω) = −log10T (ω)

Absorbance of the light by the sample can be quanti�ed by absorption coe�cient (α).
It is de�ned as the fraction of the light absorbed in a unit length of the medium. If the
light is propagating through a medium of thickness z, then the intensity is I (z ). The
intensity of the beam decreases with increasing thickness of the medium. According
to the Beer's law, I (z ) can be written as:

I(z) = Ioe
−αz,

where I o is the intensity at z = 0. The absorption coe�cient is related to imaginary
part of the refractive index (k) by the relation

α =
2ω

c
k (3.7)

In the latter part of the thesis, the relation between the absorption coe�cient (α)
and the optical conductivity will be used and it is given by

σ1(ω) =
nc

4π
α. (3.8)

Re�ection

Re�ectivity R(ω) can be de�ned by the ratio between the intensity re�ected by the
sample (Rs) to that re�ected from a reference (Rr)

R =
Rs

Rr

(3.9)

In case of the free standing sample, a 100 % re�ecting mirror (silver or aluminium)
can be used as reference (Rr). R(ω) is related to the complex index of refraction (N )
and therefore n and k according to Fresnel's equation is given by;

R(ω) = |r̃|2 = (n− 1)2 + k2

(n+ 1)2 + k2
, (3.10)

where r̃ is the re�ection coe�cient. This relation holds good when the re�ectance
is measured at the sample-vacuum interface.
Any spectroscopic technique is best utilized in combination with external tuning

parameter such as pressure, temperature or magnetic �eld. The main external tuning
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parameter in this project is high pressure. Spectroscopy under high pressure can be
used to determine the equation-of-state of materials. The pressure induced shift of
the optically active electronic transition can directly provide information about its
nature. The high pressure technique is itself a vast �eld. Some important technical
details related to the high pressure experimental methods will be discussed in the next
section.

3.3. High pressure technique

High pressure technique originally developed for geophysical research is now a very
important method in condensed matter physics research. Diamond anvil cells (DAC)
enable us to achieve pressure range of gigapascals in the laboratory, which matches the
characteristic electronic and magnetic energy scale in a broad range of materials. By
external pressure application, the lattice is compressed and a variety of phenomena can
be tuned such as insulator-to-metal transition, orientational ordering, etc. External
pressure application is a clean way to study material properties compared to chemical
substitution. In the upcoming section, all details related to DACs required for high-
pressure infrared spectroscopy are presented.

Sample

Ruby

External 
Force

Diamond 
anvil

Gasket

Figure 3.1.: Schematic representation of the working principle of a DAC.
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3.3.1. Diamond anvil cell

The diamond anvil cell is a simple device that allows application of pressure on samples.
The transparency of diamond over a broad frequency range in the electromagnetic
spectrum permits sophisticated measurements using the DAC, e.g. X-ray di�raction
on powder and single crystals and optical spectroscopy.

A DAC essentially consists of a pair of diamonds which are held tight with its
anvils aligned perfectly parallel to each other. The underlying principle of the DAC is
illustrated in Fig. 3.1. A metallic plate (gasket) with a small hole is placed between
two opposite diamonds which serves as a sample chamber. The basic physical relation
between pressure (P), force (F), and area (A) [P = F/A] is employed in working
of DAC. A sample is placed in the gasket hole and the �at faces of two opposite
diamond anvils are forced towards each other to create high pressure. The large ratio
between the area of external and internal face of the diamond multiplies the e�ect of
the applied force, leading to high pressure on the sample. The gasket exerts a force
that compensates the internal pressure which prevents failure of anvil and sample loss.

Diamonds

The commercially available diamond anvils are made from the gem-quality and inclu-
sion free single crystals with low birefringence (low internal strain). These diamonds
usually have 8 or 16 faces, and the working plane is produced at the anvil �at named
culet. The culet is usually set parallel to the (100) or the (110) plane of the dia-
mond [57]. The choice of diamonds and their size for the DAC depend on the maxi-
mum pressure to be achieved and the nature of investigation. Diamond anvils can also
be replaced by various gem anvils, for example cubic zirconia and sapphire anvils can
achieve pressure up to 16.7 GPa and 25.8 GPa, respectively [58].

Natural diamonds contain a signi�cant concentration of defects which can dramati-
cally a�ect their optical properties. The rarely occurring Type IIa diamonds are pure
form of natural diamonds. They are almost free of impurities, which make them col-
orless and transparent in a broad range of the infrared spectrum. The transmission
and re�ectivity of diamond is constant from the far infrared (FIR) to the visible range
with an exception in the spectra range between 1700 to 2700 cm−1, where strong mul-
tiphonon absorptions are present as shown in Fig. 3.2. Hence this region of the data
should be ignored. The refractive index of diamond is taken to be nearly constant
except for this spectral range.

The maximum pressure that can be reached by the DAC depends on several factors
[59]:
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Figure 3.2.: Multiphonon absorbance of diamond in the midinfrared (MIR) region.

• culet size - the smaller the culet diameter, the higher is the pressure that can be
achieved,

• gasket material - harder material helps to achieve high pressure range,

• quality of gasket hole - it has to be made without burrs, to avoid instability.

Di�erent pressure ranges either in few tens of Pa or tens of GPa can be easily
achieved with suitable choice of DACs in the laboratory.

There are three main mechanisms governing the proper working of the DAC [60]:
(i) Mechanism of alignment: Perfect alignment of the anvil is very important due to
brittleness of the diamond. A good alignment is achieved with the help of the transla-
tional and/or tilting screws. To align the diamond perfectly parallel to each other, the
diamonds are placed directly on top of each other and the tilting screws are adjusted
while viewing the DAC under the optical microscope until the air wedge (interference
fringes) disappears between the diamond. (ii) Guiding system: The piston-cylinder
mechanism is employed in many types of DACs. The piston should �t well in the
cylinder with a tolerance of ∼5 µm, to avoid swinging of the anvils. Care has to be
taken to keep this area free of any sample or dust particles. (iii) Load application
mechanism: DACs can be classi�ed based on how the load is applied to the DAC such
as clamped cells, pneumatic or hydro-loading cells, and lever-arm driven ones. Various
types of DACs have evolved based on the method of pressure generation and anvil
alignment mechanisms. For instance, NBS cell [61], Basset cell [62], Mao-Bell cell [63],
Syassen-Holzapfel cell [64], Merrill-Basset cell [65].
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3.3.2. Gasket material and preparation

The use of gasket for containment of the hydrostatic pressure medium was �rst in-
troduced by Van Valkenburg [66]. Gaskets are indented by pressing it in between
the anvils to a desired thickness (75-85 µm) depending on the pressure range to be
achieved and the pressure transmitting medium to be used. Indentation has the fol-
lowing advantages:

1. easy loading of the cell,

2. separating the two delicate operations of centering the gasket hole and position-
ing the sample in the diamond face,

3. avoid large deformation, and

4. stability of the hole.

A sample hole is drilled in the center of the indentation with the help of a EDM
(Electric Discharge Machine). Tungsten carbide rods of various diameters are used
as the needles to drill the hole in the indented gasket. The purpose of EDM is to
precisely center the hole to be drilled on the gasket. The gasket with the hole is placed
on the lower diamond for �lling with samples, with the same orientation as it had
when making the indentation. For relatively incompressible media like argon, the hole
may be made one-third to two-�fth of the culet diameter as it may slightly shrink
during pressure application. On the other hand, with the use of helium as pressure
transmitting medium, the hole shrinks by a factor of two or more. To avoid damage to
the sample, the hole can be made larger. During pressure application, the part of the
gasket between the culets undergo plastic deformation as the diamonds advance. The
hydrostatic pressure within the metal decreases linearly in the direction of extrusion.
Extrusion may be entirely outwards or inwards collapsing the sample hole during the
experiment, which is an highly undesirable situation. Also any initial asymmetry such
as non central hole, non parallel culets can cause the failure of the gasket.

For this project, the gaskets used were CuBe and stainless steel for Cryo DAC mega
and Syassen�Holzapfel DAC, respectively. CuBe sheet with initial thickness of 360 µm
was used to reach pressures up to 10 GPa with Cryo DAC Mega and stainless steel
sheets of thickness 200 µm to reach pressures up to 20 GPa with Syassen DAC. The
indentation thickness of the gaskets were in the range 75-90 µm. The hole sizes on
CuBe gaskets were 300-400 µm and in case of stainless steel were in the range 120-
200 µm which is determined based on the culet size of the DAC (for more detail see
Sec. 3.3.4).
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3.3.3. Pressure transmitting medium

A medium is required to transmit the external thrust applied on the DAC to the sam-
ple as uniform stress. It is necessary that the medium provides hydrostatic pressure
on the material under investigation, so as to record accurate intrinsic material prop-
erties. The choice of the pressure transmitting medium is done taking into account
the following criteria: chemical inertness, good hydrostaticity, zero shear strength, zero
compressibility, non penetrative, low viscosity, and transparency in the measured spec-
tral region. Various solids, liquids, and gases are being used as pressure transmitting
medium, for example, silicon oil, nitrogen, helium, CsI, etc. The pressure transmitting
media used in this project are CsI, NaCl, argon and helium.

3.3.3.1. Filling of the DAC

The sample is �lled in the DAC after careful cleaning of the diamond and gasket. The
gasket with the hole is glued to the seat of the lower diamond. The sample and ruby
balls are placed in the diamond face carefully, followed by the pressure transmitting
medium.

The solid pressure medium like CsI are ground into �ne powder and �lled over the
sample and the ruby ball in the gasket hole. All measurements on air sensitive samples
were carried out using CsI and �lling of the DAC was done inside the glove box. CsI
which had to be used inside the glove box was pretreated for 3 hours at 200◦ C under
dynamic vacuum in order to remove air and any traces of moisture as it is hydroscopic.

For �llings with cryogenic liquid, the DAC can be immersed in the cryogenic �uid
for trapping the condensed gas. The �lling of liquid helium or liquid argon into the
sample chamber of the DAC needs specially designed equipments and a facility that
incorporates remote sealing of the DAC.

3.3.3.2. Cryogenic pressure transmitting medium and loading in the DAC

The noble gas argon can be used for high pressure infrared experiments as pressure
transmitting medium. But it has a limitation of low solidi�cation pressure (1.4 GPa
at 300 K) [67]. Recent works have suggested a hydrostatic limit of 1.9�2 GPa [67, 68]
against the previous claim of 9 GPa [69].

Argon is �lled in DAC with the help of a home-built cryogenic-�lling setup. After
placing the sample and ruby balls in the DAC, it is partially closed so that the �uid
medium can �ow in and �ll the sample chamber. The gaseous argon is passed into a
metal tube that is immersed in liquid nitrogen so that the gaseous argon can be lique-
�ed. The DAC can be sealed by a remote access mechanism after it has remained in
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liquid argon for about 5 minutes to ensure that argon has entered the sample chamber.
The DAC is then taken out of the setup once it reaches the room temperature.

Helium is the best pressure transmitting medium even as a solid above 12.1 GPa
at 300 K. The pressure gradient measured on many ruby balls �lled in the DAC with
helium as pressure medium was nearly none up to ∼23 GPa and has a deviation of
only 0.4 % for higher pressures up to 40 GPa [67]. Unfortunately helium poses a
very important limitation due to its di�usion into diamond anvils which can lead to
embrittlement and eventually failure of the anvils. [70].

Filling helium in the DAC is laborious procedure compared to the argon �lling.
Filling helium in the DAC was done with a bath cryostat which essentially consists of
a vacuum and a liquid nitrogen shield. When the liquid helium rises above the DAC,
it can be sealed with the help of the mechanical remote access system. The DAC can
be retrieved when the cryostat reaches the room temperature.

3.3.4. DACs used for this project

Syassen�Holzapfel type DAC and CryoDAC Mega were used for high-pressure infrared
measurements within this project. The working principle of both these DAC are very
similar. The air sensitive samples were measured with CryoDACMega as it is relatively
easier to handle this DAC inside the glove box due to the working distance of the
microscope in it. Both DACs are described in the following sections.

3.3.4.1. Syassen-Holzapfel type DAC

It is a piston-cylinder type high pressure cell designed by Syassen and Holzapfel [64].
Photos of this DAC are shown in Fig. 3.3. One of the diamonds is mounted on the
piston part with tilt adjustments for diamond alignment. The other diamond is �xed
on backing plate that has a x-y translational stage. The force is applied onto the
diamonds with the help of thread-and-knee mechanism. Two threaded rods connect
the front and back sides of the brackets. By concurrently turning these rods, the
clamps thrust the piston into the cell body and decreases the distance between the
anvils to generate the required pressure. The special geometry of brackets, levers
and threads results in generation of very high pressure. This DAC has an excellent
alignment stability due to the well �tting combination of the long piston and cylinder,
as the cylinder directs the movement of the piston strictly parallel to its axis. The
numerical aperture on the backing plate side is 36◦ and that of the piston side is 24◦.
Optical measurements are performed on the backing plate due to the large numerical
aperture and narrow depth of �eld. The diamonds used in this DAC are type IIa with
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(a) (b)

Figure 3.3.: Photo of Syassen-Holzapfel DAC (a) closed DAC and (b) opened DAC
showing both diamonds.

a height of 1.5 mm and culet size of 400 µm. A maximum pressure of about 25 GPa
can be achieved with a stainless steel gasket.

3.3.4.2. CryoDAC Mega

The CryoDAC Mega is a non magnetic DAC which is appropriate for optical and X-ray
di�raction measurements. As the numerical aperture is high (50◦), this DAC is well
suited for FTIR spectroscopy. A photo of the DAC along with its parts is shown in
Fig. 3.4. The diamond anvils are mounted within the force �tted CuBe rings and
are mechanically �xed to the tungsten carbide support plates, thereby avoiding the
use of epoxy resins or other adhesives which are not reliable at low temperature. The
DAC itself is held within two CuBe blocks as seen in the Fig. 3.4 (c). The piston-
cylinder assembly can be �xed to the CuBe body by means of screws. Load is applied
with the help of four Â1

4
inch UNF 1 cap head bolts. The DAC has to be checked

for anvil alignment after few high-pressure measurements. To align the diamonds
perfectly parallel to each other, the top diamond is provided with three screws for tilt
adjustments. The culet diameter is 600 µm and a maximum pressure of 9 GPa can be
achieved with the use of CuBe gasket. The length of the complete assembly is 38 mm.
The gaskets are indented to a thickness of about 80 µm and holes of diameter 400 µm
can be made to reach pressure up to 8 GPa. The larger hole size makes sample loading
relatively easy.

32



3.3. High pressure technique

(a) (b)

(c)(d)

(a) (b)

Figure 3.4: A photo of Cryo-
DAC showing its
parts (a) CuBe
gasket, (b) piston-
cylinder with
diamonds, (c) body
of the DAC, and (d)
screws for clamping
the cell.
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Figure 3.5.: Energy levels of Cr3+ of ruby crystal.

3.3.5. Ruby scale for pressure calibration

The ruby �uorescence method was invented by Forman [71] in 1972. The use of ruby
�uorescence technique for pressure determination inside the DAC became a convenient
method after further research by Barnett et al [72] and Piermarini et al. [61]. Ruby
balls of size 20-50 µm were used in this work. Ruby is Cr3+ doped corundum crystals
with free Cr3+ ions that contain three electrons in the 3d shell. Ruby crystal has a
strong crystal �eld that leads to a cubic and trigonal splitting of the energy levels. At
room temperature, all electrons are in the ground state A2. Fig. 3.5 shows the energy
levels of chromium ions in ruby. When the ruby is illuminated with green laser (λ=523
nm and power of 6 mW) the electrons get excited to T2 and T3 levels, which undergo

1UNF(Uni�ed National Fine Thread Series) is the American standards for �ne thread
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Figure 3.6.: Schematics of ruby luminescence setup used for pressure calibration. The
graph shows the luminescence spectra of ruby excited by green laser for
selected pressures at room temperature.

fast non-radiative decay to the metastable 2E level. From this level, the electrons
relax to a lower energy level with the emission of characteristic radiations, R1 and R2

lines at 694.2 nm and 692.8 nm, respectively at ambient conditions. On application of
pressure on the ruby, the lattice compresses and reduces the Cr and O ion distance.
This a�ects the energy level splitting causing a decrease in the energy gap between 2E
and the ground state. This in turn shifts the R1 line linearly to higher wavelength,
with a coe�cient dP/dλ = 2.746 kbar Å−1 or dλ/dP = 0.364 Å kbar−1. The R1 and R2

lines shift is also temperature dependent. In the temperature range 120 � 300 K the R1

and R2 lines show a linear temperature dependence with a shift of 0.0068 nm/K. Mao
et al. [63] calibrated ruby �uorescence up to 100 GPa in a non-hydrostatic medium.
For pressures below 30 GPa, it can be assumed that the pressure-dependent line shift
can be described by the equation:

P (dλ) =
A

B

[(
1 +

dλ

λo

)B

− 1

]
, (3.11)

where A = 1904 GPa, B = 7.665, dλ is the shift in the frequency of R1 line with
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increasing pressure, and λo is the wavelength at ambient pressure (694.23 nm at 298 K).

In order to determine the pressure generated in the DAC in-situ during the experi-
ment, a high resolution charge coupled device (CCD) spectrograph was coupled to the
IR microscope via an optical �ber as shown in Fig. 3.6. The MS260iTM CCD spectro-
graph is a commercial grating-type imaging spectrograph with asymmetrical in-plane
Czerny-Turner optical con�guration. The spatial resolution of the spectrograph is
about 40 µm.

A solid-state laser is directed through dielectric-Coated Plane Mirror (532 nm) to-
wards the DAC placed under the infrared microscope. The dichoric mirror acts as
a color �lter, with maximum re�ection in the range 480�600 nm and transmits light
of other wavelengths. The green laser is re�ected by the dichoric mirror mounted
in the special assembly on the IR microscope and illuminates the ruby in the DAC.
The characteristic lines of the ruby is transmitted by the mirror towards the CCD
spectrograph. In the luminescence spectrum, the position of the R1 line is �tted with
Lorenztian function to precisely extract the peak position. A Java applet is used to
calculate the corresponding pressure with the formula from Eq. 3.11. The accuracy of
pressure determination with this setup is about 0.1 GPa.

Now with this detailed information regarding the high pressure technique, the main
spectroscopic technique used for this project namely the infrared spectroscopy will
be discussed. Also the aspect of combining the high pressure technique with infrared
spectroscopy will be presented.

3.4. Fourier Transform Infrared spectroscopy

3.4.1. Principle of FTIR

The FTIR is typically based on the Michelson interferometer designed by Michelson
in 1891. The working principle of the interferometer is illustrated in Fig. 3.7. The
interferometer consists of a beamsplitter, �xed and moving mirrors. The beamsplitter
is made of a special material which can partially transmit and partially re�ect the
incident radiation. The radiation from the source falls on the beam splitter which
splits the beam into two paths. The beam gets re�ected back from the moving mirror
and the �xed mirrors on to the beamsplitter, with an optical path di�erence. These
beams recombine to produce an interference and then the beam passes through the
sample and falls on the detector. A plot of light intensity versus optical path di�erence
is called an interferogram. The interferogram can be converted to frequency domain
(the spectrum is signal as a function of frequency) using Fourier transform (FT). The
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Figure 3.7: Schematic diagram of Michel-
son interferometer.

Fixed mirror

Movable mirror

Beam 
splitter

Sample 
position

Source

Detector

interferogram obtained by FTIR and the converted spectrum using FT is illustrated
in Fig. 3.8. Almost all modern IR spectrometer are FTIR.

Fourier 

Transform

6900 7000 7100 7200 7300 7400

-0.3

0.0

0.3

0.6

 

 

V
ol

ta
ge

Optical Path difference

Interferogram

2000 4000 6000
0.0

0.3

0.6

 

 

In
te

ns
ity

Wavenumber (cm-1)

Spectrum

Figure 3.8.: Conversion of interferogram to spectrum by Fourier transformation.

3.4.2. FITR Bruker 66 v/S

The layout of Bruker IFS 66 v/S is shown in Fig. 3.9. The infrared frequency spans
a section of electromagnetic spectrum from 10 � 12000 cm−1 and visible region from
10000 � 24000 cm−1. The various frequencies can be realized with various combinations
of source, detectors, and beam splitter. The frequency range between 10 � 700 cm−1

which is generally referred to as far-infrared region can be realized with a Hg discharge
lamp and mylar beam splitter. A silicon-based helium cooled bolometer is used as the
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detector for this range mounted at the detector position 3. The mid-infrared range
(500 � 8000 cm−1) can be achieved with globar source, KBr beam splitter and MCT
(liquid nitrogen cooled) detector. The detector compartment contains two detector
positions as in Fig. 3.9, one for the liquid nitrogen cooled MCT/InSb (detector 2
position) detectors and another for DTGS (FIR/MIR) detector (detector 1 position)
which works at room temperature. The high frequency range can be covered with
tungsten lamp as source and CaF2 beam splitter. Liquid nitrogen cooled InSb is
used as the detector for the NIR region from 2000 � 12000 cm−1. The visible region
from 10000 � 26000 cm−1 can be measured using Si diode and GaP detectors that
works at room temperature. Bruker IFS 66 v/S works under vacuum in order to
eliminate the water vapor and carbondioxide absorption during measurement. The
Bruker spectrometer is vented with nitrogen purge.

Electronic 
controls

Sample 
compartment

Beam splitter

Mirror scanner

Sources

To microscope

Detector 2

Detector 3

Aperture

Detector 1

Figure 3.9.: Optical layout of Bruker IFS 66v/S spectrometer.

3.4.3. Infrared micro-spectroscopy for high pressure studies

For carrying out high pressure measurements, the spot size of the beam in the spec-
trometer is too large to be focused on the sample in the DAC (sample size ∼100�200
µm). Therefore, an infrared microscope (IR scope II) which can produce smaller spot
size, of the order of the sample size in the DAC, is coupled to the spectrometer. The
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Figure 3.10: Optical layout of the IR
Scope II that can be con-
nected to the Bruker IFS 66
V/s spectrometer. Orange
beam path shows the trans-
mission path and the violet
shows re�ection path only in
the region that di�ers from
the former.
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IR scope II has a pair of Schwarzschild IR objectives with 15× magni�cation and view-
ing objective of 4× magni�cations. As lenses cannot be used in the infrared region
all-re�ecting optics are used such as the mirrors or the Schwarzschild objective which
is also known as Cassegrain objective. The Schwarzschild objectives are positioned
on the top and bottom of the sample stage. The top objective is used to focus the
beam on the sample and the second one serves as the condenser during transmission
measurements. The Schwarzschild objective is a convex-concave mirror system that
can eliminate spherical aberration, coma, and astigmatism. The optical beam path
of the microscope is illustrated in Fig. 3.10. The entire infrared beam path in the
microscope is purged with nitrogen to avoid absorption due to water vapor and car-
bondioxide. The microscope can be operated both in re�ection and transmission mode
from FIR to visible range. The low frequency limit depends on the size of the sample.
The resolution limit due to di�raction is given by Rayleigh's relation:

∆r =
0.66λ

sinθ/2

where ∆r is the lateral resolution, λ is the wavelength of light, and θ is the full
opening angle of the objective [73]. According to this relation, the Syassen-Holzapfel
cell has a lower bound for frequency around 150 cm−1 for a sample size of 100 µm.
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The CryoDAC Mega can accommodate a bigger sample (∼ 200�250 µm) due to its
large culet size, thus extending the low frequency limit down to 100 cm−1 depending
on the sample size. The diameter of the infrared beam can be varied between 20 and
200 µm by standard apertures. The IR microscope has a visible lamp to examine the
sample. A camera/video port is positioned on the top of the microscope and a port to
collect the ruby luminescence signal during pressure calibration (see section 3.3.5 for
more details). All high-pressure measurements in this project were carried out with
Bruker IFS 66 v/S coupled to the IR scope II.

3.4.4. Transmission and re�ection measurements as a function

of pressure

High pressure infrared measurements can be performed either in transmission or re-
�ection mode depending on the sample type and form.

Transmission

The transmittance (T ) of the samples in DAC can be obtained from the same formula
introduced earlier,

T = Is/Ir (3.12)

In case of high pressure measurements, the reference is usually measured through
the DAC �lled with pressure transmitting medium. While carrying out transmission
measurements, the important issue to be address are the interference fringes. Inter-
ference is caused by the multiple re�ections within the DAC. However, sometimes it
is di�cult to get rid of these fringes during the measurement and also by post treat-
ment as they are pressure dependent (i.e. the distance between the two diamond faces
decrease with pressure and thus the fringes). The fringes are more pronounced in the
lower frequency region. Care can be taken to minimize the e�ect by measuring the
reference for every sample measurement.

Re�ectivity

High-pressure re�ectivity measurements with the DAC is not straight forward as the
transmission measurements. The Fresnel's equation introduced earlier holds good for
vacuum-sample or sample-air interface, whereas in case of high pressure measurements,
the sample-diamond interface has to be taken into account. Thus near normal incidence
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Figure 3.11.: Infrared re�ectivity of Cu in air [74] and the simulated re�ectivity of
Cu inside the DAC (at sample-diamond interface) in a broad frequency
range.

re�ectance of a sample with respect to the diamond (refractive index ndia) is given by
the modi�ed Fresnel's equation;

R(ω) = |r̃|2 = (n− ndia)
2 + k2

(n+ ndia)2 + k2
.

Hereafter, any reference to R(ω) denotes the sample-diamond interface. All high-
pressure re�ectivity measurements for this project were carried out with CyroDAC
Mega in the FIR and MIR frequency range. The gasket material for this DAC is CuBe
and Copper has a constant re�ectivity up to 12000 cm−1, as shown in Fig. 3.11. A
clean spot on CuBe gasket inside the DAC can be measured as the reference (I r). This
method holds good only with the use of CuBe as gasket material in the DAC.

3.4.5. Drude-Lorentz model

The analysis of the measured re�ection or transmission spectra are done in terms of
the dielectric function using the Drude-Lorentz model for this project and additionally
a Fano approach is applied to the re�ectivity spectra of Rb4C60. Drude-Lorentz model
gives the linear response functions of both metals and insulators as sum of several
contributions related to di�erent charge excitations, lattice vibrations, etc. The Drude
term explains the response of the electron in a metal to the electromagnetic radia-
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Figure 3.12.: Frequency-dependent re�ectivity and corresponding real part of the op-
tical conductivity calculated using the Lorentz model.

tion. The Lorentz term describes the response of the localized carriers. In general
experimental infrared spectrum of insulator or semiconductor containing phonons and
interband transitions can be described with the Lorentz model. The metallic spectrum
is described with the help of a Drude oscillator in the low frequency region.

Lorentz oscillator model

Lorentz oscillator model is purely classical and elegant tool to visualize atom-�eld
interactions although it is the simplest picture. According to the theory the atoms vi-
brating in the solids can be represented by a series of damped oscillators. The valence
electrons are bound to the speci�c atoms in the solid by Coulombic attraction (har-
monic forces). This Coulomb force tends to restore the valence electrons into speci�c
atomic orbital. Thus, solids can be considered as a collection of atomic oscillators.
These atomic oscillators would have their characteristic natural frequency (ωo) result-
ing in a resonance process. The motion of a valence electron bound to a nucleus can
be written by the expression [75].

F = e(E+ v ×B) (3.13)
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The e�ect of magnetic �eld B is negligible and therefore it is typically dropped out
from analysis for non relativistic light �eld. Thus the motion of the electron bound to
the nucleus is described by the Lorentz model for harmonic oscillator which is written
as:

m
d2r

dt2
+

m

τ

dr

dt
+mω2

0r = -eE(t) (3.14)

where r is the position vector of the electron, γ = 1/τ is the damping e�ects, m is
the mass of the electron, ω0 (=

√
K/m) is the natural frequency, and e is the charge

of the electron. The harmonic term by the Hooke's law is given as mω2
0r, which gives

the restoring force of the valence electron. This term vanishes in case of metal where
the electrons are free.

The solution of Eqn. 3.14 can be given by

r(ω) =
−e

m

E(ω)

(ω2
o − ω2 − iΓω)

(3.15)

The permeability µ(ω) of the medium is

µ(ω) = α(ω)E(ω) (3.16)

where α(ω) 2 is the atomic or molecular polarizability and is given by

α(ω) =
e2

m

1

(ω2
o − ω2 − iΓω)

(3.17)

The atomic polarisability can be related to dielectric constant (ε) with some as-
sumption related to the local �eld. With N atoms per unit volume, the Lorentz model
can describe the frequency response in terms of the material polarization and driv-
ing electric �eld. The complex dielectric function is given by the following expression
according to the Lorentz model,

ε̃(ω) = 1 +
4πNe2

m

1

(ω2
0 − ω2)− iω/τ

= 1 +
ω2
p

(ω2
0 − ω2)− iω/τ

(3.18)

ωp =
(

4πNe2

m

)
1/2 describes the oscillator strength.

The complex conductivity follows from the Eq. 3.18 and can be written as

σ̃(ω) =
Ne2

m

ω

i(ω2
0 − ω2) + ω/τ

(3.19)

2Note: atomic/molecular polarizability must not be confused with the absorption coe�cient as both

are generally denoted by α
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In insulators the valence and conduction bands are full and empty, respectively at
T = 0. The Fermi energy lies between these bands, leading to the zero dc conduction
at T = 0, and has a �nite static dielectric constant. Fig. 3.12 shows the frequency
dependent re�ectivity and corresponding optical conductivity to illustrate the Lorentz
oscillator model.

Drude conductivity of metals

The Drude model considers metals as classical electron gas under motion. The main
assumption of the model is that the collision time is independent of the electron's
position and velocity. In other words the existence the average relaxation time τ .
The optical properties of a complex material could have Drude contribution from free
electron in partly �lled bands in addition to Lorentz oscillator contributions.

In the presence of the electric �eld [E(t)=Eoe−iωt], the motion of a free electron
is not bound to a nucleus (i.e., ω0 = 0) in metals. The derivation of Drude term is
analogous to the Lorentz term except that an induced current (J) rather than induced
polarization (P) is involved. The Drude model can thus be obtained from the Lorentz
model by equating ω0 to be zero. The equation of motion of free electrons can then
be written as;

m
d2r

dt2
+

m

τ

dr

dt
= −eE(t). (3.20)

and the dielectric constant for Drude model is given by

ε̃(ω) = 1−
ω2
p

ω2 + iωγ
=

(
1−

ω2
p

ω2 + γ2
+ i

ω2
pγ

ω3 + ωγ2

)
(3.21)

and the ω2
p by de�nition plays the role of oscillator strength but by convention it is

known as plasma frequency and is given by

ω2
p =

Ne2

mε0
(3.22)

N is the carrier density, and m is the e�ective mass. The width of the Drude term
re�ects the carrier scattering rate 1/τ . Fig. 3.13 shows the Drude re�ectivity and its
corresponding dc conductivity.

Drude-Lorentz mode

In many complex materials, the combination of Drude and Lorentz terms are needed
to describe the complex optical response of various contributions. Therefore various
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Figure 3.13.: Frequency-dependent re�ectivity and respective real part of optical con-
ductivity calculate using the Drude model. The parameter used for the
simulation are ωp = 9165 cm−1, σdc = 7000 Ω−1 cm−1, and damping =
200 cm−1.

contributions can be summed up to the complex dielectric function of the material and
is given by

ε(ω) = ε∞ −
ω2
p

ω2 + iωγ
+
∑
i

ω2
p,i

(ω2
i − ω2)− iωγi

(3.23)

where ε∞ stands for the dielectric constant at high energy, the second term is the
Drude component and the last term is the Lorentz component.

3.4.6. Fano resonance model

According to the Fano theory [76] the interaction of one or more discrete levels with
a continuum of states would result in asymmetric optical absorption peaks. After
subtraction of the continuous electronic background the Fano pro�le [77] can be written
as
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Figure 3.14: Illustration of the Fano
line shape in comparison
to harmonic lorentz oscil-
lator.

σ̃(ω) =
∑
j

iσ0j
(qj + i)2

i+ x(ω)
, (3.24)

with x (ω) = (ω2
0j � ω

2)/γjω, where ω0j is the resonance frequency, γj is the damping,
and σ0j = ω2

pj/γjq
2
j with ωpj as the oscillator strength, and q j is the asymmetry factor

(dimensionless) of the j th absorption. The Fano parameter re�ects the asymmetry of
the peak and when |q| → ∞, a harmonic Lorentzian oscillator line shape is recovered.
Depending on the value of q, the absorption can assume resonance (|q |�1, phonon
dominates), dispersive (|q |∼1, comparable phonon and electron contribution), or an-
tiresonance lineshapes (|q |�1, electrons dominate) [78]. Fig. 3.14 shows a comparison
between the harmonic Lorentz oscillator and the Fano pro�le for di�erent Fano pa-
rameters (q). For a large q value Lorentzian shape can be retrieved from Fano pro�le.
Furthermore, the sign of the asymmetry factor is signi�cant for interpretation of the
results, as it points out to which electronic background the phonon is coupled.

3.4.7. Infrared test measurements on Alkali fullerides

Obtaining reasonable infrared spectra on the powder A4C60 was not easy. Several test
measurements had to be carried out to obtain good spectrum in FIR and MIR region.
The highly air sensitive A4C60 had to be handled in the glove box while �lling the
DAC for high pressure measurements. To obtain a good infrared spectrum, several
test measurements on A4C60 �lled in the DAC were carried out. Both transmission
and re�ection measurements were tested in the FIR and MIR range.
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Figure 3.15.: Infrared spectra of the A4C60 measured on di�erent types of �lling;
(a) sample �lled in DAC, (b) sample mixed with CsI, (c) sample mixed
with CsI with higher sample concentration, and (d) sample pellet made
with a pellet maker. Insets: microscopic view of the DAC for the respec-
tive �llings.
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Figure 3.16.: Infrared spectra of A4C60 pellets, Inset: the microscopic view of the DAC
�lled with A4C60 pellet and pressure medium. (a) FIR absorbance and
re�ectance. Re�ectance in (b) FIR and (c) MIR regions.

For transmission measurements, various types of �llings were tested: (i) placing pow-
der sample over the diamond and toping it with the pressure medium (Fig. 3.15(a)),
(ii) sample-CsI mixture with di�erent concentrations (Fig. 3.15(b) and (c)), (iii) mak-
ing pellet (few micrometer thick) of the sample with the pellet press (Fig. 3.15(d)),
and (iv) making a pellet by pressing it in between the diamond and a pristine gas-
ket (Fig. 3.16). The transmission measurements on the sample or sample/CsI mixture
gave an infrared spectrum with the expected phonon, but it had fringes in the FIR and
MIR spectra (see Fig. 3.15). Treating the fringes post measurements are extremely
laborious. Thus, the measurements on the pellet were tried in transmission mode to
get rid of the wiggles (Fig. 3.15 d). The pellets that were too thick for transmission
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3. Experimental methods

measurements, but were promising for re�ection measurements (see Fig. 3.16 a).

For reliable re�ection measurements in the FIR and MIR region of the spectrum
di�erent types of pellets were tested. The best method was to place a preindented
gasket without the hole on the lower diamond, then a small quantity of sample was
added on the center of the gasket and pressed the sample with the top diamond.
This gave a good pellet that could be cut and �lled in the DAC. Also, the diamond-
pressed side of the pellets were more shiny and optically smoother than the gasket
side. Therefore care was taken to measure on the diamond-pressed side of the pellet.
A good infrared re�ection spectrum in far- and mid-infrared was achieved with such
a �lling and is shown in Fig. 3.16 (b) and (c), respectively. The near-infrared and
visible frequency regions were always measured in transmission mode.

3.5. Attenuated total re�ection spectroscopy

Attenuated total re�ection (ATR) measurements were carried out at Institute for Solid
State Physics and Optics, Wigner Research Centre for Physics, Hungarian Academy of
Sciences. A Helios ATR accessory in combination with the Bruker FTIR spectrometer
(Tensor 37) was used. The spectra were recorded with 2 cm−1 resolution in transmis-
sion mode for MIR and NIR range. ATR spectroscopy has wide range of applications.
The principle and working of ATR FTIR spectroscopy is explained brie�y.

Principle of ATR

The concept of internal re�ection is illustrated in Fig. 3.18 (a) and it is necessary to
explain evanescent wave [79]. When the beam is passed through an optically dense
crystal (n1) at an angle on to a less dense medium (n2), it undergoes total internal
re�ection at the interface, where a wave propagates along the interface and extends
into the less dense medium. This wave is called as evanescent and it originates from
the Latin word evanescere meaning 'tend to vanish'. This occurs only when the angle
of incidence exceeds a critical angle (θc) which can be given by:

sin θc =
n2

n1

(3.25)

The beam acts as if it penetrates a small distance beyond the re�ecting surface and
into the less dense medium before re�ection occurs. The depth of penetration, which
ranges from fraction of a wavelength up to several, depends on the index of refraction
of the crystal and the angle of the incident radiation with respect to the sample-ATR
crystal interface. This has the consequence that if the less dense material selectively
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3.5. Attenuated total re�ection spectroscopy

Figure 3.17.: (a) Schematic of the internal re�ections through a high refractive index
sample and (b) comparison of infrared spectrum of 4-methyl-2-pentanol
using ATR-FTIR with conventional FTIR [80].

absorbs certain wavelength components of the evanescent radiation, then attenuation
of the re�ected beam occurs preferentially at the wavelength of absorbance band. This
phenomenon is known as attenuated total re�ection. By the use of FTIR spectrometer
in combination with ATR, the spectral absorption characteristics of the sample can
be studied. Fig. 3.18 (b) shows the comparison of the infrared spectrum measured by
conventional transmission FTIR method and by ATR-FTIR.

The exponential decay of the electric �eld amplitude (E ) within the rarer medium
can be described as:

E = E0 exp
−2π

λ1

(
sin2θ −

[
n2

n1

]2)1/2

z (3.26)

where E0 is the initial electric �eld amplitude, λ1 is the wavelength of radiation in
denser medium = λ/n1, λ is the wavelength of radiation in free space, θ is incident
angle, and z is the distance from the surface. By assuming low absorption by the
sample medium, it can be further treated in terms of the intensity loss per re�ection.
The amount of energy transmitted (T ) is given by T = e−αz where α is the absorption
coe�cient and z thickness of the sample. The expression for re�ection of a weakly
absorbing sample can be written as R = e−αze ≈ (1-A) where ze e�ective thickness.

The evanescent wave is non-transverse and therefore has components in all spatial
directions. This allows its vector components to interact with the dipoles in all orien-
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Figure 3.18: Helios ATR attached suit-
able to be placed in the
sample chamber of Bruker
FTIR spectrometer.

tations and makes it a more informative tool to probe materials. The assumption of
weakly absorbing medium is true for most organic materials.
In order to obtain an ATR spectrum, the sample is placed in close contact with the

crystal transparent to the infrared beam and that has high refractive index, such as
type II diamond or Ge crystal. An ATR accessory mounted in the sample chamber
of the spectrometer (see Fig. 3.18) was used to measure the changes that occur in a
totally internally re�ected beam as the beam comes in contact with the sample.
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4. Synthesis of fullerene-based

compounds and their

characterization

4.1. Introduction

This chapter is dedicated to the synthesis and characterization of alkali fullerides and
tetraphenylphosphoniumiodide samples. Specially designed instrumentations are de-
scribed for the synthesis procedure of A4C60, as it is extremely air sensitive and the pro-
cedures to analyze the XRD data. The elaborate synthesis procedure of (Ph4P)2IC60

single crystals is presented along with its characterization by ATR-FTIR spectroscopy.

4.2. Synthesis of alkali fullerides A4C60 (A = K and

Rb)

A4C60 (A = K and Rb) can be synthesized by solid-state reaction [33,81�83] or by using
liquid ammonia in case of Cs4C60 synthesis [84]. Recently, preparation of Rb4C60 single
crystals were demonstrated by Ho�mann et al [85] at 937 K in a closed niobium ampule.
For this project the solid-state synthesis procedure was followed. C60 with purity more
than 99.98 % was procured from the company Term USA and puri�ed by heating
under dynamic vacuum at 200oC for 2 days to remove any traces of moisture and
oxygen. This puri�ed C60 was carefully transferred to the glove box without exposing
to air and was stored for further process. Potassium chuck in mineral oil (98 %) from
Aldrich chemicals and rubidium (99.75 % metals basis) from Alfa Aesar were used.
Alkali fulleride compounds are highly air sensitive. Hence all the synthesis and further
handling of these compounds were carried out in the argon glove box. Stoichiometric
amount of fullerene and alkali metal were added together in a glass tube. This tube
was sealed under vacuum and heated for several weeks with intermediate grinding of
the sample for good homogeneity. Since the alkali metals are highly reactive with air
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4. Synthesis of fullerene-based compounds and their characterization

and moisture, the following precaution are important during synthesis:

• alkali metals are highly reactive even with the trace amount of O2 and H2O in
the glove box atmosphere. So the outer layer of the alkali metals are scraped out
to expose the fresh surface just before the synthesis.

• The fullerene and alkali metals should be precisely weighed to obtain the right
stoichiometry.

• While working, the pressure in the glove box changes quite frequently and hence
extra care has to be taken to maintain the same pressure when weighing.

• Alkali metals like potassium and rubidium are sticky, therefore the weighed quan-
tity has to be transferred into the reaction tube with additional attention without
leaving any metal in the weighing dish.

4.2.1. Handling and manipulation of air sensitive samples

The preparation, handling and manipulation of air sensitive alkali fulleride samples
require an inert atmosphere. The mBraun lab star argon glove box that is capable
of maintaining a low O2 and H2O levels (< 0.1 ppm) was used. The glove box was
equipped with optical microscope for easy �lling of the DAC with air sensitive samples.
The synthesis of alkali fulleride samples requires heat treatment of the sample. In
order to achieve the right stoichiometry, the samples were sealed in quartz tube under
vacuum with assistance of a turbo pump and then heat treated. The sealing of the
quartz tubes were done with the hydrogen-oxygen welder which generates a clean high
temperature (3000oC) �ame from a hand torch. A homebuilt adaptor was used to
safely transfer to the sealing facility and seal the samples in the quartz tube without
exposing to air.

Several technical di�culties were faced during the solid-state synthesis procedure.
Many batches of A4C60 samples were synthesized and approximately 300 mg for each
batch of A4C60 sample was the targeted quantity. The vacuum sealing of the reaction
tube plays an important role in obtaining good quality A4C60. The reaction tube was
sealed in vacuum with a turbo pump to achieve a vacuum of 10−6 mbar. Hydrogen-
oxygen welding torch was used for sealing the reaction tubes (glass or quartz).

Initial batches of alkali fulleride samples always showed a loss of alkali metal and
the samples were either mixture of A3C60 and A4C60 or purely A3C60. Glass tubes of
0.9 mm diameter and 120 mm long were used for these synthesis (shown in Fig. 4.1
(a)). With the use of such glass tubes there can be loss of alkali metal as it might
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(a)

(b)

Figure 4.1.: Reaction tubes used for preparation of alkali fullerides (a) glass and (b)
quartz.

di�use into the glass, either alkali metal or C60 can stick to its wall and not take part in
the reaction due to the length of the tube. So the glass tubes were replaced with quartz
tubes (see Fig. 4.1 (b)) with a larger diameter of 14 mm and length up to 140 mm.
Slightly larger diameter was chosen so that the alkali metal and C60 can be transferred
directly at the bottom of the reaction tube. Several samples were synthesized with
quartz tube. Nevertheless, the quality of the samples improved only slightly and the
stoichiometry was not satisfactory. The possibilities could be that the tubes were
about 120�140 mm long and the reaction was not homogenous as the fullerene and
alkali metal were spread over a large reaction tube. But sealing shorter tubes can burn
C60. Hence there was a lack of alkali metal in the synthesized samples. Overdoped
samples of stoichiometry A4.5C60 were synthesized but without much success to achieve
the right stoichiometry. As an e�ort to improve the reaction, the reaction tubes were
made compact to hold exactly about 350�400 mg of alkali fullerides. The tube was
made of stainless steel as shown in the Fig. 4.2 thereby reducing the risk of any reaction
of the alkali metal with the tube itself. The �nely ground C60 and alkali metal with
right stoichiometry was loaded in the stainless steel reaction tube and was then sealed
inside a quartz tube under vacuum. This was heat treated at 400 � 450◦C for 20 days
with intermediate grinding for good homogeneity. The Rb4C60 requires at least two
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4. Synthesis of fullerene-based compounds and their characterization

Figure 4.2: Stainless
steel reaction
tubes for al-
kali fulleride
preparation:
(a) stainless
steel tube
sealed inside
a quartz tube
and (b) stain-
less steel tube
with screw
cap.

(a)

(b)

intermediate grinding and K4C60 requires one intermediate grinding. By this way, it
was possible to achieve a good quality of alkali fulleride samples.

4.2.2. Characterization by XRD

4.2.2.1. X-ray powder di�ractometer details

The powder X-ray di�raction measurements on alkali fullerides were performed in
collaboration with Experimental Physics V with the STOE STADI MP powder di�rac-
tometer. The di�ractometer can be operated in �at plate, Transmission-Debye-Scherrer
and Variable Bragg-Brentano geometry. The data were recorded with strictly monochro-
matic Cu Kα1 radiation (λ = 1.540598 Å) and a position sensitive detector (PSD) was
used. All measurements were carried in the range between 0 � 100◦ at room temper-
ature. Alkali fulleride samples were characterized by powder XRD measurements to
identify the phase(s) present.
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(a)

(c)

(b)

Figure 4.3.: Capillary for XRD of alkali fulleride samples (a) homebuilt adaptor to
seal capillary in vacuum, (b) empty capillary and (c) sealed capillary with
alkali fulleride samples.

Sample preparation for XRD measurements

To carry out the XRD on alkali fullerides, the samples must be sealed in capillaries
under vacuum without exposure to the atmosphere. Kratky-Mark XRD capillaries 1

of 0.7 mm diameter (shown in Fig. 4.3 (b)) purchased from Hilgenberg company were
used. A home built adapter were used to seal the sample in the capillaries under
vacuum without exposure to air with a mild �ame from a simple lighter (see Fig. 4.3
(a)).

XRD indexing to identify the phase

Jana 2006 program was used for analysis of the di�raction pattern. The possible par-
asitic phases that can occur along with the A4C60 are A3C60 and A6C60. By using
the cell parameters from the literature [86] which is listed in the Table 4.1 for di�er-
ent possible parasitic phases for A4C60. The peak position were simulated by taking
into account the experimental parameters such as wavelength of the X-ray, sample

1made from special glass no.0140
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Figure 4.4.: Calculated 2θ values for K3C60, K4C60, and K6C60

AxC60 Space group Cell parameters

K3C60 Fm3̄m a = 14.24 Å

K4C60 I4/mmm a = 11.84 Å; c = 10.75 Å

K6C60 Im3̄ a = 11.39

Rb3C60 Fm3̄m a = 14.42 Å

Rb4C60 I4/mmm a = 11.96 Å; c = 10.98 Å

Rb6C60 Im3̄ a = 11.54

Table 4.1.: Space group and cell parameters used for the simulation of the XRD peak
positions for di�erent stoichiometry of AxC60 [86].

geometry, etc.
Fig. 4.4 shows the simulated 2 θ values for the K3C60, K4C60 and K6C60. Similarly

Fig. 4.5 shows the 2 θ values for Rb3C60, Rb4C60, and Rb6C60. The measured X-
ray spectrum can be compared to the simulated peaks of di�erent phases and this
would enable easy identi�cation of the phase(s) present in the sample. As an example,
Rb4C60 (sample no2: Fr8-Rb4C60) is shown in Fig. 4.6, this was the best Rb4C60 sample
that was synthesized with no detectable amount of the parasitic phase in the XRD
spectrum. Among the K4C60 samples that were synthesized, Fr1 -(K4C60) was the
best sample with about ∼ 5 % K3C60 and the XRD spectrum of it is presented in
Fig. 4.7. Appendix A presents the X-ray di�raction patterns of all the synthesized
A4C60 samples with brief explanation.

2Samples were named as Fr.n-A4C60, where n denoting the batch number and A being either K/Rb
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Figure 4.6.: X-ray spectrum of phase pure Rb4C60 of Fr8 sample.

4.3. Synthesis of (Ph4P)2IC60

Tetraphenylphosphonium halide-C60 were the �rst fullerene salts to be synthesized
in 1991 in powder form [87]. The originally proposed salts for the synthesis were
(Ph4P)3C60(X )2 instead of (Ph4P)2C60(X ) where X stands for halogen. Single crystals
were reported by electrocrystallization technique after two years [88].

Synthesis of (Ph4P)2IC60 single crystal samples and characterization by ATR-FTIR
spectroscopy were done in collaboration with Dr. K. Kamarás's group at Institute
for Solid State Physics and Optics, Wigner Research Center for Physics, Hungarian
Academy of Sciences, Budapest, Hungary especially with the help of Ms. Katalin Németh.
Single crystal samples are the best for infrared measurements, therefore (Ph4P)2IC60
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Figure 4.7.: X-ray spectrum of K4C60 of Fr1 sample.

Figure 4.8.: Setup used for synthesis of (Ph4P)2IC60 samples.

were made by the electrochemical synthesis method. The electrolysis were performed
over platinum cathode at a constant current of 30 µA. The setup used for the synthesis
is shown in the Fig. 4.8. Electrolysis was carried out in the solution of Ph4PI and
C60 which was dissolved in 1:1 mixture of dichloromethane and toluene at ambient
conditions. The solution was purged with nitrogen gas. The schematic diagram of the
reaction tube is illustrated in Fig. 4.9 (a) and the crystals grown over the Pt electrode
are shown in Fig. 4.9 (b). Black shiny crystals of 100�300 µm size were seen on the
electrodes after about 5 days and were removed from the Pt electrode very gently (see
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Fig. 4.9 (c)).

Pt electrode

Electrolyte
Glass fret

(a)

(b)
(c)

Figure 4.9.: (a) Schematic diagram of the reaction tube used for electro-chemical syn-
thesis of (Ph4P)2IC60 samples, (b) photo of the Pt-electrode with as-grown
samples inside the electrolyte, and (c) photo of (Ph4P)2IC60 single crystal
on a millimeter paper.

4.3.1. Characterization by ATR spectroscopy

The ATR attachment described in section 3.5 was used to measure the (Ph4P)2IC60

single crystals in MIR and NIR range to verify the quality of the sample and the
spectra are presented in Fig. 4.10. The MIR region of the spectrum presented in
Fig. 4.10 (a) shows the vibrational modes of the C−

60 ion and (Ph4P)2I+ that is in good
agreement with the literature spectrum of (Ph4P)2IC60 [2]. The main advantage of the
ATR measurements was the ability to get the absorbance spectrum directly from the
as-grown single crystal without any sample preparations. The ATR NIR spectrum in
Fig. 4.10 (b) shows the electronic transition and is also in agreement with the spectrum
of C−

60 [89]. Thus con�rming the quality of (Ph4P)2IC60 single crystals.
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Figure 4.10.: ATR spectra of (Ph4P)2IC60 in (a) MIR and (b) NIR region.
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5. Jahn-Teller e�ect in fullerene ion

C−
60

5.1. Introduction

In this chapter, the pressure-dependent investigation of C−
60 in (Ph4P)2IC60 is pre-

sented. The crystal structure of (Ph4P)2IC60 and its properties are brie�y discussed.
An introduction to Jahn-Teller e�ect on fullerene anion is given. The results of high-
pressure infrared studies on (Ph4P)2IC60 are discussed in terms of the Jahn-Teller
e�ects in C−

60. Finally, an elaborate discussion regarding the symmetry changes under
pressure is presented.

The goal of this work is to understand the Jahn-Teller dynamics of C−
60 under high

pressure. C−
60 can serve as a model system to probe the JTE in highly symmetrical

molecules. C60 distorts from highly symmetrical Ih to D3d/D5d or lower symmetry
on addition of an electron. (Ph4P)2IC60 (Tetraphenylphosphonium iodide-C60) is a
prototype to study C−

60 radical anion in a solid state environment due to its large
cation. The Phenyl cation is so well positioned that it separates the C−

60 from each
other. The time scale of infrared measurements (10−11 s−1) is of the order of the
Jahn-Teller pseudorotation frequency (between 10−9 and 10−13 s−1 [31]) of the C−

60

ion. In other words, the pseudorotation of the C−
60 molecule could be observed from

the infrared vibrational modes as splitting and also its symmetry could be deduced.
Thus infrared spectroscopy is a very powerful tool to investigate the JT dynamics.

The far-infrared temperature dependence on (Ph4P)2IC60 was studied by Long et al
[1,2]. Similar e�ects are exhibited by C60 and several fullerene-based compounds with
lowering the temperature and increasing the pressure [90�92]. In case of (Ph4P)2IC60

temperature induced dynamic-to-static Jahn-Teller transition is caused by decrease
of both the lattice constants and the thermal energy. The increase in pressure can
compress the lattice but does not change the thermal energy of the system, therefore
the JT e�ect does not necessarily need to be similar for lowering temperature and
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increasing pressure. By investigating the vibrational properties, the electronic, and
vibronic interaction as a function of external pressure the changes in the symmetry of
the molecule can be addressed. Also a comparison between the e�ect of pressure and
temperature lowering [1, 2] on the vibrational properties of (Ph4P)2IC60 can be done.

C (C60)
I
P
Phenyl 
ring

Figure 5.1.: Crystal structure of (Ph4P)2IC60. The lattice parameters were adopted
from Ref. [88, 93,94].

5.2. Crystal structure

(Ph4P)2IC60 can be grown as single crystals in contrast to the powder form of several
other fullerene anions. The details about the synthesis of (Ph4P)2IC60 for this project
is described in section 4.3. The structure was independently determined by Pénicaud
et al. [88] and by Bilow and Jansen [94]. At ambient conditions (Ph4P)2IC60 crystallizes
in a tetragonal structure with unit cell parameters a = b ∼ 12.5 Å and c = ∼ 20.3 Å,
and I4/m space group [88,93,94]. The structure of (Ph4P)2IC60 is similar to a distorted
CsCl-type structure in which Cs+ is replaced by (Ph4P)2+ and Cl− alternatively with
halogen or C−

60 [95]. Fig. 7.1 shows the crystal structure of (Ph4P)2IC60. The host
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lattice is formed by (Ph4P)+ cations which are stabilized by multiple phenyl rings.
(Ph4P)2XC60 with X = Cl or Br has a homopolar lattice along (011) plane [95]. It
can be noted that this compound has two counterions for one C−

60, the charge neutrality
is preserved by one halide ion per C−

60. (Ph4P)2IC60 compound has the advantage of
being air stable unlike many other fullerene anions.

5.3. Jahn-Teller e�ect in (Ph4P)2IC60

The best way to investigate the Jahn-Teller distortion on C−
60 is to study the isolated

C−
60 ions. The C−

60 in gas phase was studied by MIR [96] and NIR [89] spectroscopy
which show dynamic Jahn-Teller distortion of the molecules. When measuring C−

60

in solution or frozen matrix such as in 2-methyltetrahydrofuran (2-MeTHF) [97], the
e�ect of the environment must also be taken into account. Another possibility is to
study the C−

60 in solid-state compounds that contain bulky cations, so that it has nearly
isolated C−

60. But the presence of the large cations cause the symmetry lowering of the
lattice. Therefore the choice of the compound must be made carefully.

Figure 5.2.: Schematic representation of the C60 orientation in (Ph4P)2BrC60 at (a)
room temperature and (b) low temperature [95].

At room temperature, the dynamic nature of the Jahn-Teller e�ect in (Ph4Y)2XC60

(X = Cl, I, or Br and Y = P or As) was shown by electron spin resonance (ESR) [98],
nuclear magnetic resonance (NMR), and infrared (IR) spectroscopy [1�3]. Also theory
predicts that the dynamic nature of the JT e�ect for singly charged fullerene C−

60

would be re�ected in the IR spectrum [99]. At room temperature, the dynamic Jahn-
Teller e�ect of the C−

60 is signalled in the infrared spectrum by the splitting of the T1u

fundamental modes and the activation of silent modes. The temperature dependence
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of the JT dynamics was studied on (Ph4P)2IC60 by far-infrared spectroscopy [1�3].
As a direct consequence of the dynamical symmetry breaking, silent mode activation
in the infrared absorption spectrum was evaluated with the prediction that some of
the relaxed JT-active Raman modes should be observable in the IR absorption. The
IR parity selection rule breaks down and some Raman active modes appear in the IR
spectrum as phonon overtones.

The other experimental evidence of dynamic nature of the JT e�ects were given by
ESR measurements [4, 98, 100, 101]. The ESR [4] on [A+(C6H5)4]2C60

−B− (where A

= P or As and B = I or Cl) indicate static disorder with random occupation of two
"standard orientations" at low temperature. This is consistent with the structural
transition from I4/m to I2/m in (Ph4P+)2C60

−Br− around 120 K [95]. From the x-ray
di�use scattering and di�raction above 130 K (Ph4P)2BrC60 has I4/m structure, which
can be explained to be formed from the superposition of two orientations of C−

60 ion as
shown in Fig. 5.2 (a). In other words, the icosahedral C60 does not have fourfold axis
so to conserve the tetragonal environment the structure can have two orientations of
the C−

60 molecule. This can be understood in terms of the dynamic Jahn-Teller e�ect
with the C−

60 in di�erent orientations. And on cooling below 120 K, the scenario to
explain I2/m symmetry is to have ordered domains which can be conceived as the
cooperative Jahn-Teller e�ect as shown in Fig. 5.2 (b).

Figure 5.3.: Temperature dependence of Gu(1)-derived mode of (Ph4P)2IC60 and the
inset is a plot of frequency versus temperature [1].

As a function of temperature, a weak transition in the range of 125�150 K from
infrared measurements was attributed to the dynamic-to-static Jahn-Teller transition
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in (Ph4P)2IC60 [1]. Long et al have discussed in detail all the observed vibrational
modes in the far-infrared region as a function temperature. Among all the observed
modes the major FIR features are at 90, 110, 135, 398, 504, 525, 527, and 576 cm−1.
Both the T1u modes at 525 and 576 are doublets at room temperature and their
splitting has been attributed to D5d or D3d distortions of the C−

60. The counterion
mode at 527 cm−1 strongly overlaps the T1u(1) of C−

60 vibrations and it is hard to
follow the temperature-dependent behavior of the counterion mode. The mode at 504
cm−1 and the combination modes at 90, 110, 135 cm−1 are not clearly assigned. In
general most of the modes harden with an exception of low frequency side of 398 cm−1.
The hardening of the combination modes and intermolecular modes could be due to
the lattice sti�ening at low temperature, where as the softening behavior is not very
well understood but suggested to be due to the radial character of the mode. As
an example, from Long et al. article, Gu(1) mode (at 398 cm−1) is discussed more
in detail here. Gu(1) mode is a newly activated in C−

60, and is a singlet at room
temperature. It persists as a singlet down to 150 K and on further cooling it splits
in to a doublet at 150 K as seen in Fig 5.3. The high frequency side of the doublet
is almost independent of the temperature, where as the low frequency side softens
strongly just below the transition temperature and levels out. It has been suggested
that the softening could occur due to the radial nature of the mode. The normal mode
calculations of C60 have shown that Gu(1) mode has 83 % radial character. Similarly
in (Ph4As)2ClC60, the C−

60 molecule shows weak changes around 125 K in the XRD
experiments, that is attributed to orientational glass transition [93]. It has to be noted
that in case of C−

60, the magnitude of displacement is about 0.01 Å for only 20 out
of the 60 carbon atoms [102]. Thus direct observation of the structural distortion is
di�cult [103], whereas this tiny distortion in a highly symmetric molecule can produce
profound e�ects in the infrared vibrational properties.

5.4. High pressure infrared investigation of

(Ph4P)2IC60

High pressure infrared measurements on (Ph4P)2IC60 up to 9 GPa were carried out with
Syassen-Holzapfel DAC. CsI was used as the quasi hydrostatic pressure transmitting
medium. The transmission measurements were carried out over a broad frequency
range from FIR to visible (200�20000 cm−1) at room temperature. The measurements
on single crystal samples were performed with 1 cm−1 resolution in the frequency range
100�600 cm−1 and 2 cm−1 resolution for 550�8000 cm−1. A typical view of DAC under

65



5. Jahn-Teller e�ect in fullerene ion C−
60

0.0

0.4

0.8

1.2

1.6

 

 

 A
bs

or
ba

nc
e 0.6 GPa

1000 6000 12000 18000
0.0

0.2

0.4

0.6

0.8

0.6 GPa

 

 

T
ra

ns
m

itt
an

ce

s

s
200 µm

R

(b)

(a)

1000 6000 12000 18000
 Frequency(cm-1)

Figure 5.4.: Infrared (a) transmission and (b) absorption spectrum of (Ph4P)2IC60.
Inset: The DAC �lled with sample (S), ruby ball (R) and pressure trans-
mitting medium (bright region) for MIR measurement.

the microscope �lled for FIR or MIR measurement containing the sample, the ruby
ball and pressure transmitting medium is shown in the inset of Fig. 5.4. In order
to obtain a good spectrum in the NIR-VIS region, �nely ground sample was mixed
with CsI and was �lled in the DAC. After the pressure measurement the DAC was
re�lled with CsI to measure the reference at the end. The data were collected with
4 cm−1 resolution in the NIR-VIS region.

5.5. Results and discussion

Transmission and absorbance spectrum of (Ph4P)2IC60 are presented in Fig. 5.4 from
300 to 20000 cm−1. The far- and mid-infrared regions contain the vibrational modes of
the C−

60 and (Ph4P+)2I. The near-infrared and visible region of the spectrum contains
the electronic and vibronic transitions in the region between 6000�12000 cm−1. Finally
the LUMO → LUMO+1 transition is observed beyond 12000 cm−1.
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Figure 5.5.: Infrared absorption spectrum of (Ph4P)2IC60 at ∼ 0.1 GPa in comparison
with that of the cation Ph4PI [104] spectrum.

5.5.1. Infrared spectrum of (Ph4P)2IC60 at lowest pressure

Vibrational modes

The mid- and far-infrared spectra is populated with vibrational modes originating
both from the C−

60 and the cation. The phenyl cation has signi�cant number of in-
frared active vibrational modes. In order to illustrate this, the infrared spectrum of
(Ph4P)2IC60 (at ∼ 0.1 GPa) is presented in comparison with that of the Ph4PI (at
ambient conditions) in Fig. 5.5.

As already discussed in Chapter. 2.11, the neutral fullerene contains four fundamen-
tal (T1u) infrared active vibrational modes. The T1u modes of C60 are observed as sharp
singlet at 517, 576, 1183, and 1428 cm−1 at ambient conditions. In (Ph4P)2IC60 the T1u

modes of C−
60 are observed at (1) 517, 533, (2) 576, 578, (3) 1177, 1182, and (4) 1364,

1395 cm−1 for the lowest measured pressure. On comparing the fundamental modes of
neutral C60 and C−

60, the striking di�erence is that the T1u modes of C−
60 are observed as

doublets (see Fig.5.10). Among the four fundamental vibrational modes, T1u(4) shows
the maximum downshift in frequency position compared to neutral C60. T1u(4) has the
greatest double bond stretching aspect of all the IR mode in Ih C60 [105]. Therefore
this mode serves as a sensitive marker for identifying the the charge state [55]. Table
5.1 lists the inter-fullerene distance of some fullerene-based compounds to emphasize
this. The nearest C60-C60 distance in (Ph4A)+X− series is considerably larger than
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Figure 5.6.: Fundamental T1u vibrational modes of (Ph4P)2IC60.

C60. In addition to the fundamental modes of C−
60, there are other fullerene modes

observed in the spectrum as activated silent modes.

Compound interfullerene distance

(Ph4As)2ClC60 12.59 Å
(Ph4P)2ClC60 12.57 Å

K3C60 10.07 Å
C60 10.02 Å

TDAE-C60 9.98 Å

Table 5.1.: Inter fullerene distance of the fullerene-based compounds at ambient con-
ditions [4].

As a matter of fact, the vibrational properties are highly sensitive to molecular
symmetry. The dynamic Jahn-Teller distortion in (Ph4P)2IC60 as a function of tem-
perature was investigated with far-infrared spectroscopy by Long et al [1, 2]. The
doublet splitting of the T1u mode according to group theory would predict the sym-
metry to be D3d or D5d [106]. Among the subgroups of Ih symmetry, the possibility of
D2h was ruled out as this would give rise to triplet splitting. As the vibrational modes
are highly sensitive to symmetry changes, the in�uence of the pressure or temperature
can be well studied from the vibrational spectrum of the molecule. A direct compar-
ison of the far-infrared temperature dependence on (Ph4P)2IC60 by Long et al. [1, 2]
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Figure 5.7.: (a) Transmission (1) and absorbance (2) spectra in the NIR-visible region.
(b) Absorbance spectrum of (Ph4P)2IC60 at 0.2 GPa with the �t (red
dashed line) and its Lorentz oscillator contributions.

with this data is as follows:

• At the near ambient conditions, the doublet splitting of the T1u(1) and T1u(2)
is consistent with their report.

• The Gu(1) vibrational mode at 398 cm−1 is reported as a singlet at room tem-
perature.

• The vibrational mode observed by Long et al [2] at 504 cm−1 has shifted to 509
cm−1 in the presented data. The origin of this mode is not very clear and has
been discussed as a T1u(1) derived mode by Long et al. [3], and

• Lastly the vibrational mode at 619 cm−1 arising from cation is observed as a
singlet.

The assignment of the vibrational modes in the MIR region are more di�cult because
of the abundance of the cation contribution in this region. In a recent paper, Long et

al. [3] have investigated (Ph4As)2ClC60 and discussed the possibility of lower symmetry
both experimentally and theoretically. They discussed the possibility of C−

60 having
C2h,5 or Ci symmetry. C2h,5 follows the D5d symmetry undergoing a further distortion
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to C2h [31]. In case of C2h,5, the largest bond length change of the distorted cage is
the shortening of a few single bond by 0.012�0.013 Å. All other changes are less than
0.01 Å. This makes it hard to be detected by structural studies. Here the D3d and D5d

symmetry are considered in the presented high pressure data of (Ph4P)2IC60, while
the possibility of lower symmetry are not completely ruled out.

Electronic/Vibronic transitions

Studying the electronic transitions of the C−
60 anion can throw light on understanding

of the intermolecular interactions, charge transfer process, and electronic states. The
electronic transitions have an advantage over the vibrational properties as they are
less perturbed by the cation compared to the vibrational structure. The in�uence of
the halogen ion (donor) radii indirectly a�ects the vibrational spectrum whereas the
electronic absorption spectrum is relatively independent of the donor [106].

↿⇂ ↿⇂ ↿⇂ ↿⇂ ↿⇂
↿⇂ ↿⇂
↿⇂
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LUMO +1
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↿

Figure 5.8.: Molecular orbital of C60 and C−
60 where the blue arrow indicates the opti-

cally allowed transition in C−
60 for D5d or D3d distortion [107,108].

For C−
60 the electronic states are coupled to the vibrational modes which gives rise to

the vibronic transitions. The electronic and vibronic transitions are clearly observed
between 6000�12000 cm−1 as shown in the NIR region in Fig. 5.7 (marked with a pink
background). Fig 5.7 (b) shows the �tting of the electronic transition in the NIR region
of the measured spectrum along with its contributions. Lorentz oscillators were used
as the �tting function. To obtain perfect �t on the low frequency side, an additional
oscillator is required for describing the background which does not a�ect the frequency
positions of the other main oscillators. There are four distinct transitions in the NIR
region of the spectrum. In order to explain the observed features of the NIR region,
the schematic presented in Fig. 5.8 can be used.

Several NIR investigations report similar spectra on C−
60 in solution [97] and iso-

lated C−
60 [89]. Electronic transitions of isolated C−

60 in neon matrices showed well
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resolved spectrum [109]. C−
60 anion in benzonitrile solution shows electronic transition

at 9276.4 cm−1 and vibronic transitions at higher energies [107]. The environment in
which the C−

60 anion is investigated is an important criterium to determine the nature
of the distortion which can either be static or dynamic.

From the vibrational spectrum it is clear that at the lowest measured pressure C−
60 in

(Ph4P)2IC60 possess dynamic Jahn-Teller distortion. The basic question that immedi-
ately follows is about the symmetry of the molecule. The answer to this question can
be obtained from understanding the electronic states. In C−

60 the t1u and t1g (LUMO
and LUMO+1) are split into a2u+e1u and a2g+e1g respectively [38, 108], where e1g
and e1u are doubly degenerate as shown in Fig. 5.8. The Jahn-Teller distortion of
the ground and excited states of C−

60 leads to the symmetry lowering. The calculated
symmetry for C−

60 gives rise to the three possible point groups D5d, D3d or D2h which
possess nearly same Jahn-Teller energies [110]. On adiabatic potential energy surface
there are 6 equivalent structures possible for D5d minima, 10 for D3d minima, and 15
for D2h minima [110]. Due to the equivalent energy the dynamic conservation among
these distortions can take place. In case of D5d symmetry, the orbitals (2t1u and 2t1g)
undergo a doublet split into (2a2u, 2e1u) and (2e1g, 2a2g), respectively and similarly for
D3d, it would be (2a2u, 2eu) and (2eg, 2a2g), respectively. Both D5d and D3d symmetry
allow only one optical transition of the form a2u → eg as shown schematically in Fig.
5.8. In case of D2h symmetry, 2t1u and 2t1g undergo a triplet splitting into (2b1u, 2b2u,
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2b3u) and (2b1g, 2b2g, 2b3g), respectively. Thus, D2h distortion would give rise to two
optically allowed transitions of the type b1u → b3g and b1u → b2g [97]. It has been
suggested that D2h symmetry can be stabilized only in a crystal �eld and not in case
of a free C−

60 [32]. In contrast to this claim, Long et al. have ruled out the possibilities
of D2h symmetry due the the narrow lines in the FIR spectra of (Ph4P)2IC60 [1, 2].

Lawson et al. explain the features observed in the NIR region of C−
60 anion in

benzonitrile solution with D5d symmetry [107]. The strong feature at 9276 cm−1 in the
spectrum is attributed to the optically allowed a2u → e1g transition which is also in
agreement with the density functional calculations of Green et al. [108]. The not very
well resolved manifold around 10000 � 12500 cm−1 observed by Lawson et al. [107], is
assigned to the vibronic transitions to the level a2g. In a recent NIR investigation on C−

60

carried out by Hands et al., a well-resolved spectrum in the region 9000 � 13000 cm−1

is presented [111]. They discuss the possibility of D3d and D5d symmetry and claim
that the four contributions in the NIR region are due to the D3d symmetry, and that
the spectrum would have fewer contributions in case of D5d symmetry. The dynamics
for a minimum of D5d symmetry is simpler than that of D3d due to the tunneling
splitting between symmetry-adapted states that correctly describe tunneling between
equivalent minima [38]. In addition C−

60 ion prepared in other media such as in a gas
matrix [109], by electrogeneration [112], and in salts [113] was also studied at ambient
conditions. Also theoretical calculations [38,110] have been carried out to explain the
complicated electronic transition observed in C−

60. There are also other arguments to
explain the complicated NIR spectrum of C−

60.

With a above review of the literatures available on the NIR spectra of C−
60 ion

in di�erent matrix and also theoretical explanation, the observed NIR spectrum is
interpreted as the combination of electronic and vibronic transitions. The strong
feature at 9049.8 cm−1 is due to the optically allowed a2u→e1g transition possible either
in D5d or D3d symmetry. The higher lying manifold between 9300 and 11000 cm−1 is
assigned to the vibronic transitions.

From the FIR-MIR data it is clear that the symmetry is governed by dynamic
Jahn-Teller e�ect near ambient conditions. Following the same line of argument it
is suggested that at lowest pressure the spectrum manifest the dynamic Jahn-Teller
distortion of C−

60 also in the NIR region. Thus both the electronic and vibrational spec-
trum of (Ph4P)2IC60 support the possibility of D3d or D5d symmetry under dynamic
Jahn-Teller e�ect. The di�erent orientations for D5d and D3d distortions are separated
by shallow energy minima which are connected by pseudorotation causing the disorder
in the dynamic system. Further in the visible region [107] the higher energy transition
is observed above 12000 cm−1.
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Figure 5.10.: Infrared absorbance spectra of T1u modes of (Ph4P)2IC60 for selected
pressures.

5.5.2. Pressure dependence of (Ph4P)2IC60

Pressure dependence of the vibrational modes

As already mentioned a direct comparison of the e�ects of lowering temperature and
increasing pressure on (Ph4P)2IC60 is possible. The results of (Ph4P)2IC60 temperature
dependence from Long et al. paper is presented brie�y in Section. 5.3. On lowering the
temperature, they observe weak anomaly in the range 125�150 K in several fullerene
and cation modes.

To easily visualize the over all changes in the MIR region, spectrum for selected
pressures are shown in Fig. 5.9. As already discussed from the lowest pressure data,
the fundamental T1u modes of C−

60 shows doublet splitting at near ambient conditions
and these modes are presented for selected pressures in Fig. 5.10. The T1u(1) is
strongly overlapped by the counterion modes, as illustrated in Fig. 5.11. Apparently,
also the (Ph4P)+ cation mode undergoes pressure-induced changes, which complicates
the analysis of this mode. To investigate the pressure dependence of the vibrational
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Figure 5.11: Absorbance
spectra of
T1u(1) mode of
(Ph4P)2IC60 in
comparison with
of (Ph4P)2I.
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modes, the frequency positions of the vibrational modes were extracted by �tting
the modes with Lorentzian functions. The pressure-dependent frequencies of four
fundamental T1u vibrational modes are plotted in Fig. 5.12. It is obvious that all
the T1u modes show doublet splitting at near-ambient conditions and harden with
increasing pressure. These vibrational modes do not exhibit any pressure-dependent
anomaly in contrast to the temperature dependence which shows an anomaly in the
range 125�150 K [1, 2]. This can be because with lowering temperature, the modes
remain sharp. Also the temperature dependence on (Ph4P)2IC60 [1, 2] were measured
with very high resolution and moreover the vibrational modes broaden substantially
under pressure which can mask any subtle anomaly especially when the modes are
broad doublets. Fig. 5.11 shows the pressure dependence of the mode at 518 cm−1,
which is a cation mode that coincides with the position of the T1u(1) mode.

The other important mode observed in the FIR region is the Gu(1) mode at 398 cm−1

which is shown in Fig. 5.13 (a) for selected pressures. This mode is a singlet mode
at lowest pressure which undergoes a two-fold splitting around 2 GPa. This can be
clearly seen in Fig. 5.13 (d) which shows the frequency dependence of the Gu(1)
mode for di�erent pressures. In general the modes with increasing pressure undergoes
broadening and lose intensity. In contrast to this general scenario the vibrational mode
at 509 cm−1 (see Fig. 5.13 (b)) softens with increasing pressure. Fig. 5.13 (c) shows
frequency position of the mode with respect to pressure. Moreover the intensity of this
mode steadily increases with increasing pressure and remains sharp until the highest
measured pressure. These observations are consistent with the lowering temperature [1]
in which the Gu(1) mode undergoes a doublet splitting at 150 K and the mode at 509
cm−1 indicates softening behavior. According to group theory, a two-fold splitting of
the Gu mode is expected as the system settles for a lower symmetry.

All the other vibrational modes observed in the MIR region are shown in Fig. 5.14 for
selected pressures. There are several modes in this region and the pressure dependence
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Table 5.2.: Vibrational modes of (Ph4P)2IC60 with their pressure dependence and
assignments. The strength of the modes is speci�ed as strong (s), medium
(m), and weak (w).

Mode position Pressure dependence Strength Assignment
(at ∼ 0.1 GPa)
(cm−1)

398 hardens, doublet above 2 GPa w Gu(1)
509 softens w -
525 hardens s cation
517, 533 doublet, hardens m,s T1u(1)
576, 578 doublet,hardens s,m T1u(2)
619 hardens, doublet above 2 GPa w cation
665 sharpens, hardens, doublet ∼ 2 GPa w -
689, 695 doublet, hardens s,m cation
721, 726 doublet, hardens, triplet above 2GPa s,s cation
756 slope change above 2 GPa s cation
844, 848 doublet, hardens w,w C−

60

975 gains intensity, hardens w cation
998 doublet above 2 GPa, hardens m cation
1072 hardens w C−

60

1108, 1114 doublet, hardens s,s
1177, 1182 doublet, hardens w,w T1u(3)
1201 hardens, undetectable above 3 GPa w -
1320 hardens, doublet at very high P w cation
1364, 1395 doublet at low P;hardens w,s T1u(4)
1435, 1440 hardens, doublet s,s cation
1482 hardens, doublet above 2 GPa m cation
1585 hardens, sharp up to high P m cation
3047, 3056, 3076, 3088 multiplet, hardens m,s,w,w -
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Figure 5.12.: Pressure dependence of frequency positions of the T1u modes of
(Ph4P)2IC60 .

of the prominent modes will be discussed. The pressure dependence of all the observed
vibrational modes in the FIR and MIR region is summarized in Table. 5.2. The
frequency positions of all the vibrational modes with increasing pressure is plotted
in Fig. 5.15. The vibrational mode at 619 cm−1 shown in Fig. 5.14 (a) originating
from the cation is a singlet at the lowest pressure and undergoes a doublet splitting
above 2 GPa. Whereas this mode on lowering temperature [1] shows no splitting. The
vibrational mode at 665 cm−1 [see Fig. 5.14 (b)] is attributed to C−

60 is a weak mode
but gains intensity with increasing pressure and remains sharp until highest measured
pressure. The doublet positioned around 690 cm−1 arising from cation hardens with
increasing pressure [see Fig. 5.14 (c)]. Around 723 cm−1 is a cation mode which is
a doublet at the lowest pressure and undergoes a three-fold splitting above 2 GPa.
The doublet mode at 846 cm−1 [see Fig. 5.14 (e)] is skeptically attributed to C−

60

mode [3] which harden with pressure. The vibrational mode at 1072 cm−1 arising
from C−

60 and the doublet mode around 1110 cm−1 hardens with increasing pressure.
The vibrational mode at 1320 cm−1 whose origin is not very clear shows a doublet
splitting above 2 GPa. The cation mode at 1482 cm−1 also undergoes a doublet
splitting above 2 GPa which is shown in Fig. 5.14 (j). Finally there is the intense
doublet around 3050 cm−1 which has weak modes on the high frequency side at 3076
and 3088 cm−1 (see Fig. 5.14 (l)). On increasing pressure this multiplet show di�erent
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Figure 5.13.: (a)-(b) Absorbance spectra of the vibrational modes of (Ph4P)2IC60 in
FIR region for selected pressures (shifted for clarity) and (c)-(d) their
corresponding pressure dependence.

pressure coe�cient; this could be because they might have originated from di�erent
sources. Thus the frequency versus pressure plot shows crossover for these multiplet
modes which is due to the di�erent pressure coe�cient. And the weak mode on the
higher energy side can not be observed at higher pressure. The splitting is not only
observed in C60 modes but also in cation modes, this implies that the symmetry change
is at the bulk level.
The pressure-dependent behavior of the vibrational modes in the FIR and MIR

region can be summarized as:

• All the vibrational modes show hardening behavior. The vibrational mode at
509 cm−1 softens as an exception.

• In general the vibrational mode broadens and looses intensity under pressure,
nevertheless there are some exception to this. Vibrational modes at 665 cm−1,
975 cm−1, and 1585 cm−1 remain sharp until the highest measured pressure.

• Vibrational modes at 398 cm−1, 619 cm−1, 665 cm−1, around 723 cm−1, 998 cm−1,
and 1482 cm−1 undergo splitting above 2 GPa.

Splitting of vibrational modes is an indication of symmetry change that the molecule
undergoes under external factors such as pressure or temperature. In (Ph4P)2IC60 with
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Figure 5.14.: Infrared vibrational modes of (Ph4P)2IC60 for selected pressures.
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Figure 5.16.: (a) NIR-visible spectra of (Ph4P)2IC60 showing the electronic transitions
for selected pressures. The pink region shows the electronic and vibronic
transitions and blue shows the LUMO→LUMO+1 transition. (b) Fre-
quency positions of the electronic excitations of C−

60 as a function of pres-
sure. The reversibility is illustrated by the measurement done during
pressure release (open symbols)

increasing pressure several C−
60 and cation modes undergo splitting above 2 GPa. From

the near ambient condition data, it has been established that (Ph4P)2IC60 possesses
dynamic Jahn-Teller distortion with the symmetry D5d or D3d. On increasing pressure
(Ph4P)2IC60 undergoes a transition to static state with D3d or lower symmetry. The
molecular deformation lifts the degeneracy of the LUMO by the electron-phonon inter-
action and splitting of the energy levels, which result in static Jahn-Teller distortion.

Pressure dependence of the electronic/vibronic transitions

The pressure-dependent NIR-visible spectrum of (Ph4P)2IC60 is shown in Fig. 5.16 (a).
The excitations between 9000 cm−1 � 12000 cm−1 show a red shift with increasing
pressures. These features are reversible on releasing pressure. The pressure dependence
of the excitations are shown in the Fig. 5.16 (b). Since the excitations broaden at
higher pressure, the error bars are larger above 4 GPa as represented in Fig. 5.16 (b).
The softening behavior of these electronic and vibronic excitations can be attributed
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to the reduction of the separation of the electronic states as the lattice compresses
under pressure.
The visible absorbance feature above 12000 cm−1 is also shown in Fig. 5.16 (a)

(blue background), with increasing pressure these feature can be speculated to show
a red shift similar to the behavior of electronic and vibration excitations. There is an
irreversible change above 4 GPa which is marked by an arrow in Fig. 5.16 (a). Never-
theless it is hard to make conclusive remarks as the complete feature is not observed
in the visible region and measurable frequency is limited. Higher energy pressure-
dependent measurements are needed in order understand the pressure dependence of
the feature observed in the visible region.

5.6. Summary

Single crystals of (Ph4P)2IC60 were successfully synthesized by electrocrystallization
and characterized by ATR-FTIR spectroscopy. High-pressure infrared transmission
measurements over a broad frequency range up to 9 GPa were performed. In summary,
the T1u modes of C−

60 are split into doubled at the lowest pressure exhibiting the
dynamic nature of the Jahn-Teller e�ect. The NIR spectrum also testi�es the dynamic
nature of Jahn-Teller e�ect. This can be inferred from the splitting of the vibrational
modes of C−

60 and cation around 2 GPa. In the NIR-visible region, four absorption
bands are observed and one is interpreted as optically allowed excitation between the
t1u → t1g levels and others as higher lying vibronic transitions. The optically allowed
transition is assigned to e1u → e1g, which corresponds to either D5d or D3d symmetry.
On applying pressure on (Ph4P)2IC60 the C−

60 undergoes a dynamic-to-static Jahn-
Teller transition around 2 GPa. The driving force of the transition can be due to the
streric crowding of the C−

60 and cation with applied pressure.
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6. Tuning the Mott-Jahn-Teller

insulator by external pressure

6.1. Introduction

The aim of the work presented in this chapter is to probe the intriguing optical and
electronic properties of A4C60 (A = K, Rb) under pressure, searching for clear spec-
troscopic evidence of an insulator-to-metal transition. An enormous volume of contra-
dicting data are discussed in the literature on insulator-to-metal transition on A4C60

under pressure. With the high-pressure infrared investigation on A4C60 (A = K, Rb),
it is possible to tentatively identify the driving force of the insulator-to-metal tran-
sition. In addition, the Jahn-Teller dynamics involved in C4−

60 is of great interest to
investigate, as it is known to govern the major properties of A4C60.

6.2. Literature review: insulator-to-metal transition

in A4C60(A = K, Rb)

Experimental and theoretical works con�rmed the Mott-Jahn-Teller insulator property
of A4C60 at ambient conditions. E�orts have been made to tune A4C60 compounds to
a metallic state under external pressure. Many groups have shown interest in carrying
out high-pressure studies on A4C60 for more than a decade. In spite of the large
volume of the literature, it is not fully understood if A4C60 undergoes an insulator-to-
metal transition under high pressure and also the underlying mechanism. A concise
overview on the important literatures in the chronological order is discussed here prior
to presenting results of high-pressure infrared measurements on A4C60.

The very �rst insulator-to-metal transition was reported by Kerkoud et al. from
13C- NMR in Rb4C60 [114]. They discuss that the band structure evolves from a
narrow indirect gap semiconductor to semi-metal under pressure around 8-12 kbar. At
8 kbar coexistence of metallic and insulating states are reported. Several high pressure
studies were published in the following years. Sabouri-Dodaran et al. [115] from XRD
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data on Rb4C60 reported a transition around 0.5 � 0.8 GPa preserving the tetragonal
symmetry. From theoretical calculations, they suggest that the pressure-dependent
position of C and Rb atoms. An abrupt jump in compressibility under pressure was
attributed to the migration of Rb atoms with the help of the theory. Additionally,
they present the theoretical pressure dependence of the band width (W ). Around the
observed insulator-to-metal transition W is 0.5�0.55, and thus the critical (U/W )c is
between 1.5�2.5. Huq et al. [116] from XRD under pressure on Rb4C60 reported a
tetragonal-to-orthorhombic phase transition around 0.4 GPa. It is suggested that the
ordered orthorhombic phase becomes conducting only with further increase in pressure
as the interfullerene distance decreases. They ascribe the discrepancy of their results
with previous XRD results to the data analysis since only the low order peaks were
taken into account and not the complete di�raction pattern was re�ned by Sabouri-
Dodaran et al. The ordered phase was recently identi�ed as Immm below 623 K [85].
Iwasiewicz-wabnig et al. [117, 118] carried out direct electric resistance measurements
up to 2 GPa in the temperature range of 90�450 K and observed a sudden drop
in resistance in the orders-of-magnitude at around 0.3�0.8 GPa but no clear metallic
behavior was reported. However some samples showed a metallic behavior at 450 K and
0.2�0.3 GPa [118], which is speculated to be due to the phase separation of Rb4C60 into
Rb3C60 (metallic phase) and Rb6C60 at elevated temperature. Bellin et al. [119] carried
out Raman measurements on Rb4C60 up to 8 GPa and reported 3 anomalies; a low
pressure structural anomaly at 0.6 GPa, a subtle second structural anomaly at 1.7 GPa,
and molecular deformation at 4 GPa. A recent high pressure Raman measurement on
Rb4C60 up to 13 GPa reports a reversible phase separation scenario starting at 1 GPa
and completing at 8 GPa [120, 121]. In this article, they have addressed the earlier
experimental �ndings on insulator-to-metal transition in A4C60 on the basis of phase
separation phenomena. Although the phase separation theory explains reasonably
many of the previous high-pressure experimental results, it is yet to be supported by
any other experimental evidence for the presence of the metallic Rb3C60 phase under
high pressure. In this project, high-pressure infrared measurements were carried out
on well characterized Rb4C60 and K4C60 in order to address the insulator-to-metal
transitions and also investigate the driving mechanism of the transition. Furthermore,
it is possible to comment on the phase separation of Rb4C60 under pressure, since
appearance of any new phases can be detected from the infrared active phonons.
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6.3. A4C60: Mott-Jahn-Teller insulator

Tosatti and co-workers [122�125] have explained the property of A4C60 (A = K, Rb)
as nonmagnetic Mott-Jahn-Teller insulator at ambient conditions. A4C60 is partially
�lled system with four electrons, which according to simple band theory is predicted
as a metal. Furthermore, according to the Hund's rule it could be expected that the
molecular ground state of A4C60 to have highest spin S = 1, which would result in
some sort of magnetic ground state. A brief insight into the crystal structure and the
molecular orbital con�guration is helpful to explain the Mott-JT insulating property
of A4C60.

6.3.1. Crystal structure

The A4C60 (A = K, Rb) crystalizes in body-centered-tetragonal (bct) structure with
I4/mmm space group [83] and lattice constants a = b = 11.9783 Å, and c = 11.035 Å
[85]. The crystal structure of A4C60 (A = K, Rb) is shown in Fig. 6.1. The bct
structure is orientationally disordered at ambient conditions.

Figure 6.1.: Crystal structure of A4C60 (A = K, Rb)
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Figure 6.2.: (a) Geometric [29] and (b) electronic structure of pristine C60 and C4−
60 [107,

108]. The LUMO and LUMO+1 of C4−
60 are split due to JTE. The dotted

arrow represents the optically allowed LUMO→LUMO+1 excitation and
the solid arrow represents the t1u interband transition.

6.3.2. Molecular orbital of C4−
60

In icosahedral C60, both t1u and t1g are triply degenerate orbitals. Addition of four
electrons in C4−

60 results in a number of di�erent electronic con�gurations. Two possible
con�guration of molecular orbitals of C4−

60 is presented in Fig. 6.2 (b). For one of the
possible con�guration, the JT distortion splits the LUMO into a non-degenerate lower
a2u level and doubly degenerate higher lying e1u orbitals and similarly for LUMO+1
(t1g) into doubly degenerate e1g and single a2g levels. Fig. 6.2 (a) shows molecular dis-
tortion for C4−

60 in which the carbon double bonds in the hexagonal faces are elongated
and weakened due to the addition of extra charges [85].

Lawson et al. have discussed di�erent possibilities and have narrowed down to
two possible electronic orbital con�gurations for C4−

60 , but they have not discussed the
possible molecular symmetry for these con�gurations [107]. Klupp et al. have discussed
the splitting of the LUMO and LUMO+1 levels along with the possible symmetry of
the C4−

60 molecule [33].

Rolling back to the explanation about the insulating property of A4C60(A = K,
Rb), both strong correlations and JT e�ects are essential for the understanding of the
insulating properties at ambient conditions. In bct structure, the crystal �eld e�ect is
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not strong enough to split the degeneracy so as to produce a band insulator. Thus,
the Mott insulating state is driven by the intermolecular and intramolecular electron
correlations. The strong Coulomb repulsion (U ) is the reason to drive the system to a
Mott insulating state, and the Jahn-Teller splitting overrides the Hund's rule, making it
nonmagnetic [122]. The Mott insulators are usually discussed in terms of U/W. In case
of A3C60 and A4C60, the U/W ratios are identical while in general the former is metallic
and the latter is insulating. Moreover, A3C60 can even become a superconductor at
low temperature [126]. Among the class of A4C60, Na4C60 has a stable fcc structure
at high temperature and is the only paramagnetic metal in contrast to the insulating
K4C60, Rb4C60, and Cs4C60. Na4C60 has a unique 2D polymeric structure wherein
each fullerene molecule is linked to four neighbors by single covalent C-C bonds in a
plane [127]. The origin of the metallic behavior of the Na4C60 is attributed to the
polymerization and the complete charge transfer [128]. Thus, Na4C60 does not fall
under the class of compounds that are discussed in this chapter.

The optical measurements performed by Knupfer et al. have shown a direct band
gap of 0.5�0.6 eV in K4C60 [129]. The insulating state is non-magnetic with a spin
gap to the lowest triplet exciton of 0.1�0.14 eV [114,130]. Capone et al. have pointed
out that the close agreement between the calculated spin and optical gaps of C4−

60

(0.1 and 0.5 eV) with the corresponding experimental value of K4C60 and Rb4C60 are
a strong spectroscopic evidence in favor of the Mott-JT state [123]. It is expected
that the Mott-JT insulating state can be destroyed by external pressure by tuning
the W, which causes the intra-molecular interaction to disappear giving way to an
insulator-to-metal transition.

6.4. High pressure investigation on A4C60

High-pressure infrared measurements on A4C60 (A = K and Rb) up to 8 GPa were
performed over a broad frequency range from FIR to visible at room temperature.
K4C60 was measured in transmission mode and Rb4C60 in re�ection/transmission mode
with Syassen-Holzapfel and Cryo DAC mega, respectively. The synthesis of K4C60 and
Rb4C60 samples used for this project are discussed in detail in Chap. 4. Details of the
test measurements carried out on A4C60 are presented in Chap. 3.4.7.

6.4.1. High-pressure measurements on Rb4C60

The re�ectivity R(ω) measurements on Rb4C60 pellets at the sample-diamond interface
in the FIR-MIR region under pressure were performed and the spectra for selected
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Figure 6.3.: Measured absolute re�ectivity R(ω) on Rb4C60 pellet in the FIR and MIR
region under pressure.

pressures are shown in Fig. 6.3. The CuBe gasket was measured as the reference for the
re�ection measurements. As the surface quality of the Rb4C60 pellet was not optimum,
re�ection measurements was not possible in the NIR-visible region. Thus measurement
were made in transmission mode by �lling the DAC with a mixture of Rb4C60 powder
and pressure transmitting medium. The reference for transmission measurements were
measured by �lling the DAC with the pressure transmitting medium. The transmission
and absorption spectra of Rb4C60 in the NIR-visible region for selected pressures are
plotted in Fig. 6.4.

6.4.2. High-pressure measurements on K4C60

Infrared transmission measurements over a broad frequency (100�20000 cm−1) range
up to 7 GPa were performed with K4C60 samples which have about ∼ 5 % K3C60

impurities. The mid-infrared absorbance spectra for selected pressure are shown in
Fig. 6.5. The over all quality of the re�ection spectra is better compared to the
transmission spectra in case of A4C60 in FIR-MIR regions. Nevertheless, the T1u(2)
phonon was clear and could be followed with pressure. The NIR-visible absorbance
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Figure 6.4.: (a) Transmission and (b) absorption spectra of Rb4C60 for selected pres-
sures in the NIR-visible region.

spectra of K4C60 for selected pressures are plotted in the Fig. 6.12, with an inset
showing the region containing the interband transitions.

6.5. Results and discussion

In principle, the Rb4C60 and K4C60 should behave similarly under pressure due to
their very similar electronic and crystal structures. However, most of the high-pressure
studies published are carried out on Rb4C60 samples and there are no clear reasons
for the choice of Rb4C60 over K4C60. Interestingly the quality of the data in this
project obtained by re�ection of Rb4C60 is better than the transmittance spectra of
K4C60 especially in the FIR-MIR region. Thus the discussion will be based extensively
on the Rb4C60 spectra for the FIR-MIR region. For both Rb4C60 and K4C60, the
NIR-visible region of the spectra were measured by transmission and thus a direct
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comparison of the spectra in this region is possible.

Far- and mid-infrared region

The mid-infrared absorption spectra of K4C60 under pressure shown in Fig. 6.5 has
no remarkable changes in the low frequency region. The broad MIR band around
3000 cm−1 can be assigned to the interband transition within the split LUMO (t1u )
levels (see Fig. 6.2 (b)). With increasing pressure, the MIR band shows weak softening
behavior. At higher frequency, above 7000 cm−1, there is a signature of an absorption
band, this will be discussed later in comparison with the Rb4C60 spectrum.
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Figure 6.5.: Mid infrared absorption spectra of K4C60 for selected pressure. Spectrum
measured during pressure release is marked by (R)

The re�ectivity spectra (FIR-MIR region) of Rb4C60 are �tted with Drude-Lorentz
model with a Fano approach in order to account for the asymmetric phonon modes.
To �t the re�ectivity spectra, the following procedure was adopted. The pressure de-
pendent high-frequency permittivity (ε∞) that was used in the �tting was determined
from the Clausius-Mossotti relation [131],

ε∞(P )− 1

ε∞(P ) + 2
=

α

3ε0V (P )
(6.1)

where ε0 = 8.854 × 10−12 F/m, α is electronic polarisability which is obtained from
the lowest pressure data and is assumed to be constant with increasing pressure, and
V(P) is change in volume with increasing pressure.
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MeasuredMeasured Figure 6.6: A comparison between ex-
perimental and theoretical
equation of state of Rb4C60

[132].

At ambient conditions, the unit cell volume of Rb4C60 is 1583.3 Å3 [85] and the static
dielectric constant for C60 is 4.0 � 4.5 [133,134]. For the lowest measured pressure (0.8
GPa) the FIR-MIR data were �tted with Drude-Lorentz model, the corresponding op-
tical conductivity was obtained. The NIR-Visible spectrum was suitably manipulated
to match the optical conductivity (σ1) obtained from FIR MIR data around ∼7000
cm−1 by using the Eq. 3.8. The best ε∞ value that describes the 0.8 GPa spectrum
between 100 cm−1 and 20000 cm−1 of Rb4C60 is in the range 3 � 3.2. Thus, using these
values we obtain α from the Eqn. 6.1 to be 1.674 × 10−38 Å3 at ambient conditions.
The change in volume of Rb4C60 with pressure has been reported separately from a
X-ray di�raction experiment [116] and coherent - incoherent X-ray scattering [132].
Sabouri-Dodaran et al. [115] showed that the experimental results are in good agree-
ment with the theoretical equation of state with increasing pressure as shown in Fig.
6.6. From the available information, the change in volume with increasing pressure
was extracted and is plotted in Fig. 6.7. The overall volume change of Rb4C60 in the
measured pressure range is about 300 Å3. For every pressure the ε∞ was calculated by
taking into account the corresponding volume of Rb4C60. The calculated value of ε∞ is
plotted with increasing pressure in Fig. 6.8 that was used for �tting the high-pressure
FIR-MIR spectra. The re�ectivity spectra for selected pressure along with the �t using
the Drude-Lorentz model and the respective ε∞ is shown in Fig. 6.9.

The development of the real part of the optical conductivity σ1(ω) spectra of Rb4C60

for di�erent pressures obtained by �tting the measured re�ectivity spectra is shown in
Fig. 6.10. The low-frequency optical conductivity increases with increasing pressure.
At the lowest measured pressure (0.8 GPa), the low-frequency optical conductivity has
a �nite value signifying a bad metal behavior. Also this Drude contribution shows an
increase with increasing pressure. It was not possible to trace the transition pressure
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Figure 6.7.: Change in volume of Rb4C60 extracted from the Huq et al [116] and
Sabouri-Dodaran et al [115] results.

as the lowest possible pressure was 0.8 GPa, which according the literature review
in Section. 6.2 is high enough to have a metallic phase. The optical conductivity
spectra found in literature has a MIR band at around 0.5 eV (4032.77 cm−1) which
is attributed to the interband transition within the split t1u band (see Fig. 6.2 (b)).
This is also observed as a broad mid-infrared absorption band in the K4C60 spectra
(see Fig. 6.5). This region is very close to the diamond multiphonon absorption of
the DAC, therefore it was not possible to reliably follow this region of the data under
pressure. Nevertheless, this feature is seen partly in the raw re�ectivity spectra of
Rb4C60 from visual examination, but it is not possible to carry out the analysis on
this feature as it softens with increasing pressure. The band at 7300 cm−1 (0.9 eV)
for Rb4C60 in the optical conductivity spectra (see Fig. 6.10) is attributed to the
transition from the LUMO (t1u) to LUMO+1 (t1g) as illustrated in the Fig. 6.2 (b).
However, in the measured re�ectivity spectrum the LUMO → LUMO+1 excitation is
weak and was �tted with a single Lorentzian oscillator. With the increasing pressure
the band shifts towards the lower energy which implies a lowering of the energy gap
between the LUMO and LUMO+1 levels (see Fig. 6.2) with increasing pressure. In
case of K4C60, this feature is see partly in the MIR region (see Fig. 6.5). In the
NIR-visible absorption spectrum for both K4C60 and Rb4C60 the transitions can be
clearly resolved, since the transmission measurement are more sensitive to the splitting
compared to the re�ection measurements on pellet.
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Figure 6.8.: Calculated high-frequency permittivity (ε∞) with increasing pressure.

NIR and visible region

The NIR-visible absorbance spectra of Rb4C60 for all pressures are plotted in Fig. 6.11
(shifted vertically for clarity). In this region of the spectra the higher energy side
of the MIR band is observed below 5800 cm−1. Above 6000 cm−1 there are three
distinct excitations, which were �tted with one broad band in the MIR region as seen
in the optical conductivity spectra (see Fig. 6.10) as discussed above. The NIR-visible
absorption spectra of K4C60 under pressure are identical to that of Rb4C60 (see Fig.
6.12). In order to determine the assignments for these transitions, available literature
will be discussed in short. The possible number of LUMO → LUMO+1 transitions
according to Lawson et al. [107] is either three or four and according to Klupp et al. [33]
is two and four. Furthermore, Klupp et al. have discussed a transition from dynamic-
to-static Jahn-Teller distortion with temperature lowering which is accompanied by
molecular symmetry change from D3d/D5d to D2h and is re�ected in the NIR spectrum
spectrum as a twofold to fourfold splitting in K4C60 but it was not well resolved in the
case of Rb4C60 [33]. The dynamic-to-static JT transition temperatures for K4C60 and
Rb4C60 are at 270 K and 330 K, respectively. Also Wachiwiak et al have suggested that
in K4C60, D2h was observed to stabilize the molecular level [135]. From the presented
NIR-visible data of Rb4C60, a threefold splitting is observed marked by solid arrows in
Fig. 6.11 and at around 12500 cm−1 (marked by dotted arrow in Fig. 6.11) is a weak
feature. When examining the spectra presented in Ref [33], they observe the fourth
excitation at an energy around 13000 cm−1 at low temperature in case of K4C60 while
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Figure 6.9.: Measured absolute re�ectivity R(ω) (line) on Rb4C60 pellet in the FIR
and MIR region under pressure with the corresponding �tting (dashed
line) using Drude-Lorentz model.

in case of Rb4C60 the excitations are much broader and are not well resolved. The
dynamic-to-static transition temperature for Rb4C60 is at 330 K and all the presented
data in this project were measured at room temperature, therefore the C4−

60 molecules
must assume a static JT distortion at all measured pressures. For static C4−

60 the
symmetry must be D2h as presented in the Scheme in Fig. 6.2 and will have four
optically allowed transitions as marked in the scheme. Thus, in this NIR-visible data
the weak feature can reasonably considered as the fourth excitation (see in Figs. 6.12
and 6.11 marked with dotted arrow). It is likely that the fourth excitation is hidden
by the tail of the UV absorption band. In case of K4C60 the lowest pressure is at 0.5
GPa which is considerably high in case of the fullerene-based compound to induce an
dynamic-to-static JT transition. Since the samples are air sensitive, it was not possible
to measure any pressure lower than 0.5 GPa with the DACs used in this project. Thus
the critical pressure for dynamic-to-static transition could not be determined.

With increasing pressure the NIR-Visible bands due to the LUMO → LUMO+1
excitations soften, which indicate a decrease in the separation between the energy
levels. Also the tails of the MIR bands of Rb4C60 and K4C60 show a softening behavior
meaning the split t1u levels close in with increasing pressure. A decrease in the splitting
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Figure 6.12.: NIR-visible absorption spectra of K4C60 (shifted vertically) for selected
pressures. Inset: the interband transition after linear background sub-
traction for selected pressures.

of the energy levels at molecular level favors the appearance of the metallic state due
to the changing W under pressure. By investigating the phonon, it is possible to
comment on the phase separation theory under pressure.

6.5.1. Phonons

Two of the four phonons of the neutral C60 are observed for Rb4C60 at 575 cm−1 and
1350 cm−1 as seen in Fig. 6.14. The downshift of the T1u(4) mode from 1429 cm−1 for
C60 to 1350 cm−1 for Rb4C60 is due the charge transfer e�ects, this clearly indicated a
lower symmetry than icosahedral for C4−

60 . Furthermore, the line shape of the phonons
in the re�ectivity spectrum are better described by Fano pro�le rather than a typical
Lorentzian shape as illustrated in Fig. 6.13. Klupp et al. have reported a twofold
T1u(4) mode at 420 K and on lowering temperature it undergoes a threefold splitting
around 300 K [33] from the infrared transmittance data. Generally transmission mea-
surements show signatures of even weak absorbance, thus to resolve the splitting of
the phonon, transmission measurements are better than the re�ection measurements.
Although the pressure measurements were carried out at room temperature, in this
data the T1u(4) mode is observed as doublet. The splitting of the phonons is due to
the JT distortion of the C4−

60 . The oscillator width of the second branch of the T1u(4)
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Figure 6.13.: Re�ectivity R(ω) spectrum of Rb4C60 showing the T1u phonons and �ts
of these modes with Fano lineshape and Lorentz harmonic oscillator.

mode for 0.8 GPa is 33 cm−1, which is broad enough to be a doublet therefore the
possibility of the triplet splitting of T1u(4) in this data cannot be ruled out. The
parameters used for �tting the phonons using Fano line shape is plotted with pressure
in Fig. 6.14, the error bars indicate that the general trend with increasing pressure
is reliable. The Fano resonance describes the quantum interference e�ect of the cou-
pling between the discrete state and the continuum states giving rise to an asymmetric
phonon line shape. The use of Fano pro�le for the phonons can be interpreted as the
coupling of the (T1u) phonon vibrations to the electronic states. The parameters of
the �t evolve monotonically with increasing pressure as shown in the Fig. 6.14. The
pressure dependence of the Fano parameter is very important in analyzing the cou-
pling between the vibrational and the electronic states as it would provide an insight
on the behavior of the gap itself. The Fano parameter (q) which is de�ned as the ratio
of the optical response of the perturbed non-radiative mode to the continuum. The
sign of the Fano parameter is signi�cant as it suggests which electronic background
is coupled to the vibration. In case of Rb4C60, the Fano parameter remains positive
up to the highest pressure which indicates that the phonon is couple to the electronic
states which is lying at lower energy that the phonons itself. At lower frequencies is
the Drude conductivity to which the vibrational modes are coupled. In Rb4C60 the
value of q for both T1u(2) and T1u(4) phonons decreases with increasing pressure from
1.3 to 1.0 and 2.0 to 1.15, respectively. According to the discussed in chapter. 3.4.6
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about the Fano resonance model, the |q | ∼ 1, the electron and phonon contributions
are comparable. In this data, at low pressure the value of q > 1 means the phonon
contributions dominate the electronic contribution. With increasing pressure as the
band gap closes, the contribution of the electron gets signi�cant causing a decrease in
the Fano parameter (q).

Another aim of the experiment was to check for any phase separation of Rb4C60

under pressure as proposed by Yao et al. according to the reaction [121],

3Rb4C60 ⇀↽ 2Rb3C60 +Rb6C60. (6.2)

The infrared phonons serve as a marker for the presence of the di�erent phases
in the sample, which was discussed in the chapter. 2.11. For Rb3C60 phase, only
T1u(2) and T1u(4) phonons are expected similar to Rb4C60 and their positions are
also very close to that of Rb4C60. In addition with increasing pressure the phonons
shift, thus it is extremely hard to con�rm the appearance of Rb3C60 phase under
pressure. While the Rb6C60 phase shows all the four infrared phonons (refer Chapter.
2.11). In the measured spectra only T1u(2) and T1u(4) phonons are observed upto the
highest pressure. Thus we do not observe the appearance of the Rb6C60 phase under
pressure. Therefore, we could rule out the possibility of Rb3C60 phase and the phase
separation theory within the measured infrared later resolution scale. In Ref [120,121]
the authors has suggested that the phase separation primarily occurs on the nanometer
length scale, which might be hard to be followed in the infrared measurements as it
measures the macroscopic response of the sample.

In absorbance spectra of K4C60, T1u(2) phonon was clearly identi�ed and could
be followed under pressure where as the T1u(4) phonons was hard to be followed.
The T1u(2) phonon absorbance is shown in Fig. 6.15 (a) for selected pressures. The
phonon was �tted with a Lorentz oscillators to extract the phonon frequency which
is plotted in Fig 6.15 (b) for di�erent pressures. The pressure dependence of the
phonon shows a weak anomaly around 0.8 GPa and this could be assigned to the
dynamic-to-static transition. In case of the NIR-Visible spectra it is believed to have
static distortion already sets in at the lowest measured pressure. Hence it can be
suggested that the transition can be around 0.5�0.8 GPa. Due to the smaller size of
the K4C60 ions, pressure is required to drive C4−

60 to static state, while the Rb4C60 ions
are considerably bigger which causes a static distortion even at room temperature and
at ambient pressure. Thus a upper bound for the dynamic-to-static JT transition can
be �xed at 0.8 GPa for K4C60.
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Figure 6.14.: The four parameters from the Fano model �t of the T1u phonons of
Rb4C60 with increasing pressure.

6.6. Summary

A4C60 (A = K and Rb) samples were successfully synthesis and characterized by
powder XRD. High-pressure infrared measurements on the well characterized samples
were performed over a broad frequency in the range 0.8 � 8 GPa. In summary, the
real part of the optical conductivity of Rb4C60 spectra show a Drude-like term at
the lowest measured pressure. Thus Rb4C60 shows a bad metal characteristics above
0.8 GPa. Furthermore, with increasing pressure the low-frequency Drude term shows a
monotonic increase indicating an increase in the metallic behavior. Its is not possible
to clearly determine the critical pressure of the insulator-to-metal transition due to
the lack of the low pressure data. In case of the K4C60 it is hard to comment on the
low frequency data.

The t1u interband transition at ∼ 3000 cm−1 in the K4C60 spectra show a weak
softening and similarly in the re�ectivity spectra of Rb4C60 the excitation also softens
with increasing pressure. The LUMO→ LUMO+1 transitions at around 0.9 eV in both
Rb4C60 and K4C60 show a softening behavior with increasing pressure. The softening
of these excitations can be attributed to the decrease in the splitting of the energy
levels. From the NIR-visible spectra for K4C60 and Rb4C60, it can be concluded that
the C4−

60 in the measured pressure range assumes static JT distortion.
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Figure 6.15.: (a) T1u(2) phonon spectra in K4C60 for selected pressures and (b) the
frequency shift of the T1u(2) phonon with pressure.

The phonon of the Rb4C60 could be analyzed only with the use of a Fano lineshape,
which indicate a coupling between the electronic and vibrational states. The pressure
dependence of the Fano parameters has no signi�cant anomaly. The T1u(2) phonon
of K4C60 shows a weak anomaly at around 0.8 GPa indicating the dynamic-to-static
transition of the C4−

60 . The Fano parameter in Rb4C60 under pressure for both T1u(2)
and T1u(4), are 1.3 and 2.0, respectively at 0.8 GPa. As the pressure is increased the
Fano parameter decreases indicating that the coupling between the discrete vibrational
states and the electronic continuum gets stronger. This is due to the lowering of the
energy gap between the split t1u levels and between LUMO - LUMO+1, is con�rmed
by the shifting of the excitation towards low frequency in the NIR-Visible spectra.
The observed bad-metallic behavior of Rb4C60 under pressure can be rather at-

tributed to the changing W with increasing pressure rather than to a phase separation
theory. This is because there are clear indication for the decreasing gap between the
energy levels at molecular level from the NIR-visible spectra under pressure and there
are no indication to believe the appearance of any new phases under pressure from
this high-pressure infrared data.
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7. Orientational ordering in C60·C8H8

under hydrostatic pressure

7.1. Introduction

This chapter is dedicated to investigate C60·C8H8 under hydrostatic conditions in or-
der to determine the orientational ordering transition pressure and understand the
underlying mechanism. High-pressure infrared transmission measurements up to 9.5
GPa were carried out on the rotor-stator molecular cocrystal namely C60·C8H8 with
argon and helium as hydrostatic pressure transmitting media. Helium is one of the
best hydrostatic pressure transmitting media available, while it can also intercalate
into the C60·C8H8 lattice. Thus in addition to the pressure e�ects, the e�ect of in-
teraction of the pressure medium is also discussed. Infrared spectroscopy is a very
sensitive method to observe the symmetry changes in the molecules. Therefore, by
investigating the pressure-induced splitting of the vibrational modes of C60·C8H8 it is
possible to deduce the site symmetry of the molecule which can indirectly verify the
space group of the ordered phase (Pnma), that was reported recently. This chapter
has an introduction to C60·C8H8 and its properties, which is followed by the results
of high-pressure studies on C60·C8H8 with argon and helium as pressure transmitting
media. Finally, the phase transition in C60·C8H8 under hydrostatic conditions and its
driving mechanism are discussed in detail.

7.2. Cubane

Cubane (C8H8) was �rst synthesized by Eaton and Cole [136] although they were sus-
picious if such a highly strained molecule can be synthesized. At ambient conditions,
solid cubane has rhombohedral structure with R3̄ space group [137] and is orientation-
ally disordered. In general, there are two types of C-C-C bonds: sp2 has the bond angle
of 120◦ and sp3 has 109.5◦, any other type of C-C-C bond would decrease the stability
of the structure. Whereas in cubane the C-C-C bond angle is 90◦, which gives rise to
a high strain energy of approximately 6.5 eV per molecule [138]. The cubane has an
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extremely rigid structure at room temperature with exceptional electronic [139], struc-
tural and dynamical [140�144] properties compared to other hydrocarbons. The two of
it's interesting properties are relatively high melting point of 405 K among this class of
materials and very high frequency of the lowest lying intramolecular vibrational mode
(617 cm−1) [141,142].

Figure 7.1.: The crystal structure of
cubane molecule [141].

Cubane undergoes a �rst order phase transi-
tion with Tc = 394 K by preserving the rhom-
bohedral structure unlike the usual fcc structure
of many orientationally-ordered solids [143]. In
association with the transition it undergoes a
remarkable volume expansion of 5.4%. The
cubane in the orientationally disordered phase
rotates about one or more axes, this kind of
tumbling motion of the molecule is often re-
ferred to as plastic phase. This tumbling mo-
tion seizes slowly as the temperature is low-
ered, and the molecule starts to rotate around a
�xed axis. The high-temperature rhombohedral
phase was identi�ed by XRD [145] with much
higher α = 103.3◦ that persists up to the melting temperature of 405 K. At room
temperature, C8H8 undergoes explosive decomposition at 3 GPa [146].

7.3. Rotar stator co-crystal C60·C8H8

Both C60 and cubane were experimentally known for a long time before the �rst syn-
thesis of fullerene-cubane co-crystals by Pekker et al. [147]. The high stability of the
1:1 stoichiometry of C60·C8H8 is attributed to the perfect matching of the molecu-
lar geometry of the convex interstitial site of fullerene and concave surface of cubane.
Cubane molecule occupies the octahedral voids of the fcc C60 to form a stable C60·C8H8.
The co-crystals consist of separate sublattice of rotating fullerene and static cubane of
icosahedral and cubic symmetry, respectively. This kind of coexistence of two di�erent
sublattices is characteristic of the rotor-stator phases. C60·C8H8 forms the highest
symmetry member in the family of co-crystals. Table 7.1 lists the lattice parameters
of C60·C8H8 and its constituent molecules at ambient conditions.

The cubane molecule is held in its well-oriented position due to the retrieving forces
of the expanded C60 lattice. In order to accommodate the C8H8, the C60 lattice
enlarges with an increase in the nearest-neighbor distance from 10.01 Å to 10.42 Å in
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Material space group lattice parameter reference

C60 Fm3̄m a = 14.15 Å [148]
C8H8 R3̄ a = 5.34 Å; α = 72.26◦; φ = 47.28◦ [137]

C60·C8H8 Fm3̄m a = 14.74 Å [147]

Table 7.1.: Lattice parameters of C60, C8H8, and C60·C8H8 at ambient conditions.

(a) (b)

Figure 7.2.: (a) Structure of C60·C8H8 unit cell at ambient conditions and (b) con-
cave surface of cubane molecule in the octahedral void formed by rotating
fullerene [151].

C60·C8H8. The cubic faces of cubane are aligned parallel to that of the unit cell [149].
Fig. 7.2 (a) shows the structure of C60·C8H8 and (b) features the outer surface of
cubane that allows perfect matching with the octahedral voids of C60 molecule. The
cubane molecules behave like a molecular bearing by aiding easy rotation of fullerene
molecules. Any change in the orientation of the cubane would destroy the match of the
complementary molecular surfaces resulting in a decrease of the cohesion energy. As
the C8H8 is a highly symmetric molecule, it is expected to produce less distortion in the
host C60 lattice. The ionization potential of the molecular cubane is 8.6 eV [150]. The
electron a�nity is negative suggesting that it has an energy gap in the ultraviolet range.
Since the band edges of C60 are inside the ones of cubane, Pekker et al. commented
that the cubane can be used to mimic negative hydrostatic pressure in fullerite without
altering the optical properties of the host [147].
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7. Orientational ordering in C60·C8H8 under hydrostatic pressure

C60 C8H8 C60·C8H8 Assignment

526 527 T1u(1), F1
577 577 T1u(2), F2

852 857 T1u, C1
1183 1181 T1u(3), F3

1235 1224 T1u, C2
1430 1428 T1u(4), F4

2990 2976 T1u, C3

Table 7.2.: List of the T1u vibrational frequencies in cm−1 for C60 [48], C8H8 [153], and
C60·C8H8 [154].

7.3.1. Infrared spectrum of C60·C8H8

The infrared spectrum of C60·C8H8 has seven characteristic vibrational modes, of which
four belong to C60. As already mentioned, the neutral C60 belongs to Ih symmetry and
has 4 T1u IR active modes. Cubane belongs to the octahedral (Oh) point group and
has 48 degrees of freedom. By neglecting the the translational and rotational modes
of the molecule, it results in 42 internal degrees of freedom. The high symmetry of the
cubane molecule contributes to only 18 distinct frequencies and of which only 3 T1u

modes are IR active [152]. Table 7.2 lists the vibrational frequencies of the modes of
C60, C8H8, and C60·C8H8. It is clear that the frequency of the modes of C60·C8H8 does
not have signi�cant shift compared to that of its constituted molecules. This re�ects
that the co-crystal is held together by a weak Van der Waals interaction [147].

7.4. Orientational ordering in C60·C8H8

7.4.1. Solid C60·C8H8 at low temperature

On cooling, C60·C8H8 undergoes orientational ordering transition at 140 K [147]. At
the transition, the symmetry lowers from fcc-to-orthorhombic. Neutral C60 is known
to undergo a �rst-order phase transition associated with change in crystal structure
from fcc-to-sc with Tc = 249 K [17]. A similar orientational ordering transition in
C60·C8H8 happens at much lower temperature compared to the C60 due to the ball
bearing arrangements which facilitates easier rotation of the C60 molecule in C60·C8H8.
By simulated annealing analysis of powder x-ray di�raction data the space group of
the ordered orthorhombic phase was identi�ed as Pnma [155] recently. From XRD
measurements at the phase transition not only a jump in lattice parameter was reported
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7.4. Orientational ordering in C60·C8H8

Figure 7.3.: Temperature pressure phase diagram of C60·C8H8 [156].

but also the splitting of re�ections indicate symmetry lowering [149]. This would mean
that the nearest-neighbor fullerene�cubane interaction plays an important role in the
orientational ordering. According to the most recent article by Bortel et al. [155],
both nearest-neighbor C60-C60 and fullerene-cubane interactions in�uence the ordering
transition that coincides with the structural phase transition to the Pnma symmetry.
Also it has been stated that the driving force for the crystal symmetry lowering could be
the formation of two di�erent short-distance C60-C60. Furthermore, nearest-neighbor
fullerene-cubane interaction has also been discussed and these change are much less
with decreasing molecular distance.

C60·C8H8 has an interesting temperature-pressure phase diagram with �ve di�er-
ent structural phases as shown in Fig. 7.3. At room temperature C60·C8H8 has fcc
structure and below the orientational ordering temperature it has orthorhombic struc-
ture. At elevated temperatures there are two polymeric states with pseudocubic and
pseudoorthorhombic structures. At temperatures above 650 K it forms amorphous
carbon [156]. Furthermore, the C60 � C60 distance in C60·C8H8 is uniform (10.42 Å)
which splits into �ve di�erent distances in the ordered phase in the range 10.00 �
11.07 Å [155].
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7. Orientational ordering in C60·C8H8 under hydrostatic pressure

7.4.2. Solid C60·C8H8 under high pressure

Since the main focus of the work is to understand the underlying mechanism of
orientational-ordering transition in C60·C8H8. A priori knowledge of the orientational-
ordering transition in C60 (refer chapter. 2.10) is interesting as both compounds are
held together by the Van der waals interactions. C60 undergoes orientational-ordering
(fcc-to-sc) transition under pressure around 0.8 GPa.

Two pressure-induced anomalies in C60·C8H8 at 0.5 and 1.3 GPa were reported from
high-pressure infrared measurements [92]. The �rst anomaly at 0.5 GPa was inter-
preted as orientational ordering transition of the fullerene molecules and the second
anomaly was correlated to the fullerene�cubane interaction. It has to be noted that
these high-pressure infrared studies were carried out with quasi-hydrostatic pressure
transmitting medium (KCl). The pressure induced changes were observed as change in
slopes of the vibrational modes plotted against increasing pressure. Experimentally it
has been shown that the orientational ordering transition is accompanied by structural
transition from fcc-to-orthorhombic and also involve changes in the site symmetry of
the molecule [149]. Thus splitting of the infrared vibrational modes in the orthorhom-
bic phase is expected which is also acknowledged by the authors of reference [92].
While on the contrary, splitting was not observed in the vibrational modes due to con-
siderable broadening at higher pressures with the use of KCl as pressure transmitting
medium. The magnitude of broadening of the modes is larger than the magnitude
of the splitting. In addition, the quasi-hydrostatic pressure transmitting medium can
cause strain e�ects on the samples. Since the vibrational modes are highly sensitive
to external environment, it is ideal to investigate C60·C8H8 with better hydrostatic
conditions.

(a) (b)

Figure 7.4.: (a) Transmission and (b) re�ection of C60·C8H8 single crystals over quartz
plate under optical microscope [147]
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7.5. Results and discussion

7.5. Results and discussion

In an e�ort to explore the vibrational properties of C60·C8H8 under hydrostatic pres-
sure, argon and helium were chosen as the pressure transmitting medium for this work.
Optical microscopy photos of the C60·C8H8 crystals are shown in Fig. 7.4.

7.5.1. High-pressure infrared measurements on C60·C8H8
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Figure 7.5.: High-pressure mid-infrared spectrum of C60·C8H8 measured with argon as
pressure transmitting medium.

The high pressure was generated using Syassen-Holzapfel DAC with helium as the
hydrostatic pressure transmitting medium and Cryo DAC mega was used with argon
as the pressure medium. Loading DAC with �uid helium or argon as pressure trans-
mitting media was introduced in chapter. 3.3.3.2. Pressures up to 8 GPa were reached
with argon and even up to 16 GPa with helium. Infrared transmission measurements
were carried out in the mid-infrared frequency range with Bruker IFS 66 V/s cou-
pled to an infrared microscope with a resolution of 2 cm−1. All measurements were
performed at room temperature.
The work was started with argon as pressure medium since loading the DAC with

argon is relatively easier than with helium. C60·C8H8 was measured with argon as
pressure transmitting medium in the mid infrared range and the spectrum for selected
pressures are presented in Fig. 7.5. The shift in the vibrational modes had similar
trend like that with the solid medium due to limitations of the hydrostaticity of argon.
As argon solidi�es at 1.3 GPa, and this process can move the sample and making the
reference measurements di�cult. Also the transmission level before and after solidi�-
cation are not the same. In order to over come these shortcomings the high pressure
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7. Orientational ordering in C60·C8H8 under hydrostatic pressure

measurements were resorted to the use of helium as pressure medium. Therefore liquid
helium which is one of the best pressure transmitting media was used in spite of the
complications involved in loading the DAC.

R

Figure 7.6.: Photos of DAC under the
microscope �lled with sam-
ple (S), Ruby balls (R) and
helium (the bright area).

Helium provides good hydrostatic condi-
tions even when it solidi�es. A typical �ll-
ing of the DAC with helium is shown in
Fig. 7.6. As already mentioned, the C60·C8H8

has seven vibrational modes in the infrared
region of which six modes are clearly detected
in the presented mid-infrared data. These
modes for selected pressure can be seen in
the Fig. 7.7. The C3 mode has very high
absorbance and the vibrational mode satu-
rates so the analysis of this mode was not
performed. Fig. 7.8 shows a closer view of the
vibrational modes of fullerene (F) and cubane
(C) for selected pressures with helium as pres-
sure medium. In these data, it can be clearly seen that even up to the highest measured
pressure the vibrational modes remain very sharp. In contrast to this, with KCl as
pressure transmitting medium the vibrational modes undergo signi�cant broadening
with increasing pressure [92].

The vibrational modes are �tted with Lorentz oscillators to extract the frequency
with increasing pressure. The plot in Fig. 7.9 shows the pressure dependence of the
vibrational modes. In general, all vibrational modes harden with increasing pressure.
Among the fullerene modes, the most sensitive F4 mode shows a two-fold splitting
around 1 GPa. At 3 GPa, F3 and F4 modes show threefold splitting. Also the two
observed cubane modes show a threefold splitting at 3 GPa. It is interesting to note
that the vibrational mode F2 remains as a singlet up to high pressure.

The splitting of the cubane and fullerene modes at 3 GPa are interpreted as the
orientational ordering transition of the fullerene molecules. This transition is accom-
panied by fcc-to-orthorhombic transition of the crystal and this would indeed cause
a molecular symmetry change. The threefold splitting of the T1u modes of fullerene
can be contemplated as sign for possible transformation of C60 molecule to a lower
symmetry such as D2h. The orthorhombic phase with Pnma space group can be
attributed to have a molecular site symmetry of D2h. The driving force for orienta-
tional ordering transition in C60·C8H8 is suggested to be due to both nearest-neighbor
fullerene-cubane and C60-C60 interactions. Whereas the observed critical transition
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Figure 7.7.: Mid-infrared absorbance spectrum showing the C60·C8H8 vibrational
modes for selected pressures.

pressure value of 3 GPa from this data is much higher than the reported 0.5 GPa in
the earlier work [92]. Now with the knowledge from the current work, the previous
work [92] can be rethought and the reported 1.3 GPa transition which was originally
attributed to the fullerene-cubane interaction must be the orientational ordering tran-
sition. As the broadening of the vibration mode hampered the observation of the mode
splitting, it was misinterpreted that the orientational ordering occurs at 0.5 GPa.

The application of pressure and lowering of temperature are analogous to each other
in many fullerene-based compounds. Thus, the temperature dependence of C60·C8H8

is reviewed, the orientational ordering temperature is lowered by 100 K in case of
C60·C8H8 compared to that of the pristine C60. Therefore, naively the orientational
ordering transition pressure can be expected at a higher in case of C60·C8H8 than C60.
Additionally, by the use of helium as the pressure transmitting medium, which can dif-
fuse into the voids of the C60·C8H8 lattice can have an e�ect on the transition pressure.
Prior to understanding the observed high critical pressure, a brief review about the
properties of helium as pressure transmitting media is presented. Helium ensures very
good hydrostatic conditions in the DAC which would reduce the strain e�ects on the
sample and brings out a more reasonable transition pressure in comparison to the use
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Figure 7.8.: Infrared absorption modes of C60·C8H8 for selected pressures.

of solid medium. The solid medium causes local strain causing higher pressure locally,
this results in wrong estimation of the critical pressure. In case of fullerene based com-
pounds, the voids are large enough for some di�usion of the helium in to the lattice.
Hence, it is good to follow up the behavior of the parent compound, namely C60 under
hydrostatic conditions. Experiments on C60 with hydrostatic pressure transmitting
medium such as helium, nitrogen, argon, etc were performed [157, 158]. In fcc C60,
each C60 molecule in the lattice has two tetrahedral and one octahedral voids with av-
erage diameters of 2.2 Å and 4.2 Å, respectively [159]. Any impurities in the voids can
considerably a�ect the properties such as the orientational ordering transition temper-
ature or pressure, compressibility, thermal expansion coe�cient, etc [158]. Sundqvist
summarizes the results of the orientational ordering transition boundary from various
experiments, with the solid pressure transmitting medium it occurs at 0.5 GPa against
a slightly higher value of 0.8 GPa for helium as pressure medium [90]. With the use of
alcohol mixture (4:1 methanol-ethanol) as pressure transmitting medium, which has
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good hydrostatic conditions the transition pressure was reported to be 0.4 GPa [160].
Furthermore experiments have clearly suggested that helium can penetrate the fcc C60

lattice and in�uence the orientational motion of the molecules. Helium with an atomic
radius of 0.93 Å [161,162] can penetrate both the octahedral and tetrahedral voids but
probably cannot penetrate the C60 molecule itself. At �rst helium penetrates the octa-
hedral voids rapidly and then followed by the tetrahedral voids [158]. With the helium
inside the lattice, it can render the lattice less compressible than in its absence. In
case of C60 the helium present in the lattice can increase the orientational phase tran-
sition by 10 K and the change in lattice parameter at the transition is halved [158].
Moreover the intercalation is much more rapid with increasing pressure [158]. The
pressure dependence of the orientational ordering is in�uenced by the presence of the
interstitial species in the lattice of pure C60. Therefore, it is clear that the pressure
transmitting medium and its hydrostaticity can play a key role in high pressure ex-
periment on C60-based compounds. By apply the same idea for C60·C8H8 in which the
octahedral void of the fcc C60 is occupied by the C8H8 the tetrahedral voids are free
for hosting the helium. Experiments on C60 suggest that the di�usion can also be a
function of time i.e., the longer the sample is exposed to the helium the more inter-
calation takes place. During the initial time of 25 � 30 hours the intercalation takes
place more rapidly which is evident from the rapid increase of the lattice parameter of
pristine C60 [158]. Typically the helium �lling of the DAC for the presented data was
done with the bath cryostat. The minimum time required for such �lling was about
8 hours until the setup warms up to room temperature to retrieve the DAC for high
pressure measurements. Thus the C60·C8H8 samples were exposed to helium for least
8 hours before the high-pressure infrared measurements, which is considerable time for
some helium to di�use into the C60·C8H8 lattice. Therefore the intercalation of helium
in at least some of the tetragonal voids of C60·C8H8 is highly probable.

Nevertheless the in�uence of the intercalated helium on the transition pressure will
be weak and would only shift the pressure to a slightly higher value similar to the
case of C60. In case of pristine C60 the critical pressure changes by the presence of the
helium in the octahedral and tetrahedral void only by 0.3 GPa higher in contrast to
solid medium. Not only in fullerene-based compounds but also in nanotubes an ideal
critical pressure was reported with helium as pressure medium which is slightly high
in value compared to solid medium [163]. Moreover the helium would only intercalate
into the tetrahedral voids in case of C60·C8H8. So in�uence of the intercalated helium
on the critical pressure would not be very large.

Further evidence that supports the orientational ordering transition at 3 GPa is
the activation of silent modes due the symmetry reduction. Fig. 7.10 (a) shows the
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Figure 7.9.: Frequency position of the vibrational modes of fullerene and cubane with
increasing pressure.

activated silent mode at 3 GPa and at 8 GPa close to C1 mode. The silent modes
harden with increasing pressure as seen in 7.10 (b). Few other silent modes activated
under pressure are also observed in the region 700�800 cm−1 (see Fig. 7.11). This
serves as additional evidence that the symmetry lowers at 3 GPa in connection with
the disorder-order transition in C60·C8H8.

Both C60·C8H8 and C60 are held together by weak Van der Waals interactions nev-
ertheless they show di�erent critical pressure for the orientational ordering transitions.
The higher Pc in C60·C8H8 in comparison to C60 could be attributed to larger lattice
of C60·C8H8 and underlying driving mechanism of the transition (i.e. only nearest-
neighbor C60-C60 interactions in case of C60 where as both nearest-neighbor C60-C60

and C60-cubane play a role in C60·C8H8). Thus, in the presented data on C60·C8H8

with helium as pressure medium the orientational ordering transition pressure ob-
served is reasonable. With the above agrement it can be summarized at 3 GPa, the
C60·C8H8 undergoes orientational ordering transition which is accompanied by the
fcc-to-orthorhombic structural transition.

This new result on C60·C8H8 sheds light on the pressure-temperature phase diagram
of C60·C8H8 which originally has a orientational ordering transition line based on the
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Figure 7.10.: (a) Silent modes (marked with ∗) that are close to C1 vibrational modes
for selected pressures and (b) pressure dependence of these silent modes.

pressure coe�cient of the pure C60. [156]. From this P-T diagram the orientational
ordering transition occurs at 1 GPa. According to the present understanding on the
orientational ordering mechanism in C60·C8H8, it is not only driven by the nearest-
neighbor C60-C60 interaction but also by the nearest-neighbor fullerene-cubane inter-
action plays a signi�cant role. This has to be taken into account and the orientational
ordering transition in the P-T diagram of C60·C8H8 should be altered, which would
result in a high Pc at 300 K than that indicated by Iwasiewicz-Wabnig et al. [156].

In addition to the 3 GPa orientational ordering transition, the F4 mode shows
splitting already at 1 GPa into a doublet and this has be explained in terms of the
appearance of the silent modes under pressure. Kamarás et al. [48] have discussed
the appears of forbidden vibrational modes in the solid state C60. The presence of
crystal �eld in the fcc crystal reduced the point group Ih of the C60 molecule to Th site
symmetry. This causes the activation of some silent odd-parity modes. At ambient
conditions, these e�ects are weak and are not observed in the infrared spectrum due
to the dynamical orientational disorder, whereas with lowering temperature several
modes appear in the spectrum. Similarly, with increasing pressure of the vibrational
modes can appear such as the one observed very close to F4 mode at 1 GPa, which is
weak and is seen more as a shoulder to the F4 mode. This mode can be attributed to
the Gu mode and should not be confused as splitting of the F4 mode itself. This mode
is very weak and could not be followed well when the F4 mode undergoes a threefold
splitting at 3 GPa. Similarly, at 710 cm−1 the weak Hu mode appears already at
0.8 GPa, which can be seen in Fig. 7.11. Finally, the robustness of the F2 mode has
already been discussed in literature from temperature-dependent measurements. Thus
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Figure 7.11.: Activation of the silent modes (marked with ∗) under pressure.

it is not surprising that the F2 mode does not undergo any splitting under pressure.

7.6. Summary

A successful investigation of C60·C8H8 under very good hydrostatic condition was
done. In summary, the orientational ordering transition was observed at 3 GPa from
the threefold splitting of the fullerene and cubane vibrational modes. The driving force
of the transition is attributed to both the nearest neighbored C60-C60 and fullerene-
cubane interactions. The threefold splitting of fullerene and cubane mode can be at-
tributed to D2h molecular site symmetry, which is consistent with Pnma space group of
orthorhombic ordered phase of C60·C8H8. Furthermore, the activation of silent modes
is also observed above 3 GPa which con�rms the critical pressure of the orientational
ordering transition. Also some weak modes are activated in the infrared spectrum at
lower pressure (∼ 1 GPa) due to the crystal �eld e�ects. With this result, additional
evidence are brought forth that the driving force of the orientational ordering transi-
tion is in�uence by both nearest neighbor fullerene-cubane and C60-C60 interactions.
Thus, the orientational ordering transition marked on the pressure-temperature phase
diagram by Iwasiewicz-Wabnig et al. has to be revised by taking into account these
results.
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As a part of this project, the pressure-dependent infrared measurements on the Jahn-
Teller active fullerene-based compounds namely (Ph4P)2IC60 and A4C60 were per-
formed over a broad frequency range. The vibrational and electronic properties of
both (Ph4P)2IC60 and A4C60 were investigated. The dynamic-to-static JT transi-
tion was investigated on C−

60 in (Ph4P)2IC60 and an insulator-to-metal transition was
probed in A4C60. In addition, the rotar stator co-crystal C60·C8H8 were investigated
under hydrostatic pressure to determine the critical pressure of orientational ordering
transition and the driving mechanism from their vibrational properties.

The pressure dependence of the vibrational and electronic/vibrobic excitations of
C−

60 anion in (Ph4P)2IC60 were investigated up to 9 GPa for the �rst time. All the
four fundamental T1u modes shows a doublet splitting at the lowest measured pressure,
which re�ects the dynamic nature of the Jahn-Teller distortion. The C−

60 undergoes
a pressure induced static-to-dynamic transition at around 2 GPa caused by steric
crowding of the lattice. This is re�ected by the splitting of several fullerene and the
cation modes of (Ph4P)2IC60 and by pressure-dependent anomalies of the vibrational
modes. The electronic spectrum of (Ph4P)2IC60 has four bands that correspond to the
excitations between the split LUMO levels (t1u and t1g) due to the presence of the Jahn-
Teller distortion and the vibronic excitations. The observed bands in the NIR-VIS
region can be interpreted as one optically allowed transition from a2u→e1g and three
higher lying vibronic transitions. These transitions in the NIR-visible region soften
under pressure indicating that the splitting of the LUMO and LUMO+1 electronic
states are reduced under pressure. It has been inferred from the vibrational and
electronic transitions that the C−

60 would posses either D5d or D3d symmetry at lowest
measured pressure.

Infrared high-pressure measurements on A4C60 (A = K and Rb) over a broad fre-
quency range upto 8 GPa were performed. The FIR spectra of Rb4C60 has a �nite
spectral weight in the low frequency (Drude term) region indicating a bad metal be-
havior under pressure. There is a monotonic increase in the spectral weight of the
Rb4C60 at low frequency with increasing pressure. The low frequency region of the
MIR absorbance spectra of K4C60 under pressure shows very less changes. The MIR
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absorbance band due to the interband transition within the t1u orbital is clearly ob-
served in case of K4C60 spectrum and with increasing pressure it shows a weak softening
behavior. In case of the Rb4C60 re�ectance spectra, the t1u interband excitations are
weak and are hard to follow due to the diamond absorbance of the DAC. The NIR-
visible absorbance spectra of both Rb4C60 and K4C60 show the LUMO→LUMO+1
transitions. These transitions indicate that both compounds assume a static JT dis-
tortion at the lowest measured pressure. The transitions soften with increasing the
pressure indicating a decrease in the splitting of the orbitals at the molecular level.
Thus, it can be concluded that the Rb4C60 shows a bad metal behavior with increas-
ing pressure and the tentative argument on driving mechanism of the transition is
due to the change in W which makes the electron correlations to cause a metallic
state and also the JT distortion is stabilized under pressure. Another possible expla-
nation for the metallic behavior in literature is the phase separation of the Rb4C60

into Rb3C60 and Rb6C60, where Rb3C60 is a metallic phase. From the infrared high-
pressure measurements, only T1u(2) and T1u(4) phonons are observed until the highest
measured pressure, this suggests that there is no appearance of Rb6C60 phase under
pressure which in turn eliminates the appearance of Rb3C60 within the lateral resolu-
tion of the infrared measurement scale. The Rb4C60 phonons were better described
by the Fano line shape. The pressure dependence of Fano parameter suggest that
the phonon are coupled to the electronic background lying at lower energy than the
phonon itself. Furthermore, the frequency of the Rb4C60 phonon shows a monotonic
hardening with increasing the pressure. The phonon of K4C60 shows a weak anomaly
at around 0.8 GPa, which might be interpreted as the dynamic-to-static Jahn-Teller
transition. From the NIR-Visible excitation, it is observed that the K4C60 assumes a
static distortion at the lowest pressure (0.5 GPa). Therefore, an upper bound for the
dynamic-to-static transition for K4C60 can be assigned at 0.8 GPa.

The C60·C8H8 were investigated under hydrostatic pressure with helium as pressure
transmitting medium. The orientational ordering transition was observed at 3 GPa
which is accompanied by the fcc-to-orthorhombic transition. The threefold splitting
of the fullerene and cubane vibrational modes at 3 GPa con�rms the recent �nding
of the Pnma space group of the ordered orthorhombic phase. The driving force of
the orientational ordering transition in C60·C8H8 is in�uenced by both the nearest-
neighbor fullerene-cubane and C60-C60 interactions. Thus, the predicted orientational
ordering transition in the pressure-temperature phase diagram must be altered by
taking these �ndings into account. Moreover the earlier high-pressure infrared data on
C60·C8H8 can be better understood with knowledge gained from the presented results
and the orientational ordering transition in earlier results [92] has to be attributed to
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the anomaly at 1.3 GPa with use of solid pressure transmitting medium. With the
use of helium as pressure transmitting medium, activation of the silent mode occurs
around 1 GPa which is due to the e�ect of crystal �eld environment under pressure.
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A. XRD on alkali fullerides

The X-ray di�raction spectra of most of the synthesized samples are presented here. In
order to identify the phase(s), in addition to the spectra the calculated peak position
of the possible phases are marked below each XRD spectra. Each �gure has a brief
description about the phases identi�ed.
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Figure A.1.: The XRD spectrum of Fr.2 sample, which has a majority of Rb3C60 phase
after the completion of the �rst heat treatment cycle. In order to improve
the quality of the sample, weighed quantity of Rb was added to the sample
and further heat treatment was done. Nevertheless the sample did not
reach the required phase after the second heat treatment.
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Figure A.2.: The XRD spectrum of Fr.3 sample, which is a complete mixture of K3C60

and K4C60. The ratio of K3C60 phase accounts to more than 60 %.

120



10 20 30 40 50

100000

200000

300000

 

 

X
-r

ay
 in

te
ns

ity

 After first heat treatment
 After second heat treatment
 After third heat treatment

Sample No. Fr.4 (Rb
4
C

60
)

 Rb
4
C

60

 Rb
3
C

60

 Rb
6
C

60

 

10 20 30 40 50

  

2 θ (deg)

Figure A.3.: The XRD spectra of Fr.4 sample that was annealed several times to elim-
inate the undesired phases. By addition either C60 or Rb to correct the
stoichiometry of the sample but the sought after was not attained.
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Figure A.4.: The XRD spectrum of Fr.5 sample after the �rst heat treatment cycle was
a mixture of Rb3C60 and Rb6C60 with a majority of Rb3C60 phase. This
means the reaction was not complete so the sample was further annealed
and the resulting sample was mixture of all the three phases.
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Figure A.5.: The XRD spectrum after �rst heat treatment of Fr.6 sample was a mixture
of all three phases but with a majority of Rb4C60 phase. Thus the second
heat treatment was done and the resultant sample was again a phase
mixture.
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Figure A.6.: The XRD spectrum of Fr.7 showed a majority of K4C60 and a minority
phase of K3C60. The sample was heat treated again but it resulted in a
phase mixture with majority of K3C60.
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Figure A.7.: The XRD spectrum of Fr9 sample with nearly 80 % of the K3C60 phase.
In order to obtain the require phase a calculated amount of K was added
and the second heat treatment was carried out but unfortunately the
sample was destroyed while sealing under vacuum.
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Figure A.8.: The XRD spectrum of Fr.10 sample. It was nearly phase pure K3C60 with
minority of other phases.
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Figure A.9.: The XRD spectrum of Fr.11 sample contain a combination of all three
phases.
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Figure A.10.: The XRD spectrum of Fr.13 was a admixture of di�erent phases.
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