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Abstract of Thesis

The study of strongly correlated electron systems is at the forefront of contemporary condensed
matter research because such materials, which include transition metal oxides (colossal
magnetoresistive manganites, high-T. cuprates) and intermetallic heavy fermion systems, display
remarkable electronic properties that challenge existing theory for satisfactory explanations. Coulomb
repulsion between electrons leads to correlations between the particles, which opposes their natural
tendency to form extended bands. A rich variety of behaviors occurs when these interactions become
dominant e.g. when the on-site Coulomb energy (quantified by the Hubbard U) is larger than that
gained by delocalizing the outer electrons in the solid (measured by the bandwidth W), the electrons
become localized at each lattice site and the material exhibits vanishing electrical conductivity

(Mott-Hubbard insulating state). Another manifestation of such many-body interactions is provided



by f-electron systems in which the correlations are so strong that the effective mass of the
guasiparticles becomes several orders of magnitude higher than the bare electron mass, leading to
intermediate valence, Kondo, and heavy fermion behavior. The interplay between charge, lattice,
orbital, and magnetic degrees of freedom in such systems can be tuned sensitively both chemically
(doping by isovalent or aliovalent ions) and physically (varying an external parameter such as
pressure or magnetic field).

In this research project, hybrid f-/p-electron molecular materials have been researched; in particular,
molecular-based strongly correlated f-electron fullerides in which the electronically-active Ceo
anionic sublattice (p-electron) is combined with the mixed configuration behavior of selected rare
earth cations (f-electron). The fullerene chemistry of the rare earths has not been explored extensively
in a systematic way due to the difficulties in devising reliable protocols for preparation of
single-phase materials. A representative example of such a material is provided by the samarium
fulleride Smy.75Ceo, Which exhibits a temperature-induced valence transition on cooling at ambient
pressure that is accompanied by a giant negative isotropic lattice response. This effect is reminiscent
of the valence transitions in strongly correlated intermediate-valence Kondo insulators like SmS,
which undergoes a pressure-induced abrupt catastrophic transition from a black semiconducting to a
gold metallic phase. Additional experiments on Sm,75Cso have identified a pressure-induced valence
transition, which is accompanied by a huge lattice collapse and a change in color, implying a drastic
change in the conducting properties.

Here, we employed isovalent Ca substitution of Sm to afford the series of (Sm1xCax)2.75Ces0 (0 < X <
1) fullerides in the attempt to map out in a systematic fashion the crystal structural features and
electronic properties of the materials as a function of both chemical and physical pressure, shedding

light on the mechanism determining the valence fragility of Sm cations and the electron reservoir role



played by the anionic Ceo sublattice. This work comprised a combined study of Raman spectroscopy,
synchrotron X-ray powder diffraction, and synchrotron X-ray absorption spectroscopy in both total
and partial fluorescence yield modes (TFY-XAS/PFY-XAS). This thesis consists of seven Chapters
summarized as following. The background of research and relevant literature review are described in
Chapter 1, which is followed by the project outline and the motivation of research summarized in
Chapter 2. Instrumentation, experimental methodology, and data treatment and analysis procedures
used in this project are described in Chapter 3.

The influence of divalent calcium substitution on the mixed valency response of samarium cations
in the parent Sm;75Cso material at ambient pressure and temperature is discussed in Chapter 4.
Smy.75Ceo adopts an orthorhombic superstructure of the commonly encountered face-centered-cubic
structure of fullerides with stoichiometry AsCqo, arising from the long-range ordering of Sm vacancies,
and can be driven to a lattice-collapsed metallic state due to a valence transition towards Sm** upon
pressurization. Here, we attempt to mimic the physical pressure effect on the electronic properties by
co-intercalation of the smaller-size valence-precise Ca?* ion to form the series of ternary solid
solutions, (SmixCax)2.75Ce0 (0 < X < 24). Excellent miscibility of samarium and calcium ions aided by
their similar ionic radii (Sm?*;1.14 A, Ca®"; 0.99 A, Sm®"; 0.96 A) leads to ideal solid solution
formation with samarium and calcium cations randomly occupying the interstitial sites of the Ceo
anionic sublattice. This results in a linear dependence of the unit-cell volume on the calcium content,
X obeying Vegard’s law. Synchrotron X-ray absorption spectroscopy (XAS) at the Sm Ls edge in the
partial fluorescence yield (PFY) mode at ambient conditions was employed to authenticate the mixed
valence character of this family of materials, revealing the fact that chemical pressure acts as a fine
parameter to continuously tune the average oxidation state of the rare-earth ions at ambient pressure

and temperature from +2.07(3) (x = 0) to +2.33(2) (x = %). Assuming full charge transfer between the



metal ions and Ceo, the charge on the Ceso units remains invariant throughout the series at
approximately —5.78, corresponding to fully occupied Ceo orbital states (ti,, LUMO).

The pressure-driven first-order electronic (valence) phase transition in the family of
(Sm1«Cayx)2.75Ceo fullerides is discussed in Chapter 5. Here we study their electronic response to the
application of pressure in the range 0 — 9 GPa. Synchrotron X-ray absorption measurements in the
total and in the high-resolution partial fluorescence yield modes (TFY-/PFY-XAS) at ambient
temperature show the onset of an abrupt strongly hysteretic first-order reversible phase transition at ~
4 GPa, accompanied by a drastic increase in the average Sm valence towards 3+ and the emergence of
a metallic phase. Raman spectroscopy provides complemental evidence of pressure-driven
metallization appearing as reversible hysteretic pressure response of Cgo intramolecular vibrational
modes (disappearance/recovery of the well-resolved Raman peaks upon pressure increase/decrease)
in excellent agreement with the high pressure region in which samarium valence evolution occurred.
This behavior is reminiscent of the electronic and lattice response to pressure of highly correlated
Kondo insulators like SmS and its ternary derivatives, Sm; xRS (R = Ca, Y). However, a
distinguishing feature of the fulleride systems is that the Cgo anionic sublattice can act as an electron
reservoir due to the availability of a close-lying band derived by the ti4 orbitals and can accept excess
charge as the 4f-electron occupation number decreases. The observed electronic response as a
function of pressure is thus opening new possibilities for accessing metallic fullerides at elevated
pressures.

The accompanying pressure-driven first-order structural phase transition in the family of
(Sm1.«Cayx)2.75Ceo fullerides is discussed in Chapter 6. Of particular interest is the crystalline structure
adopted by Sm275Ceo and its analogues. This derives from the conventional face-centered cubic (fcc)

structure of AsCeo alkali fullerides in which the metal ions fully occupy the available large octahedral



and smaller tetrahedral interstices. The non-stoichiometry of the Sm sublattice necessitates the
absence of one of the eight tetrahedrally residing metal ions. The long-range ordering of these Sm
metal defects leads to the formation of a 2a x 2a x 2a superstructure whose orthorhombic unit cell
(space group Pcab) contains 2008 atoms (32 Cgo units and 88 metal ions) and has a very large lattice
parameter on the order of ~28 A. Notably, the existence of the ordered tetrahedral defects in this
non-stoichiometric phase leads to an equilibrium structure with significant shifts of the rare-earth
metal ions away from the centers of the occupied octahedral and tetrahedral interstices by ~2.3 and ~
0.4 A, respectively at ambient condition (termed O phase). Synchrotron X-ray powder diffraction
measurements at high pressure and ambient temperature reveal that (SmysCazs)275Ce0 IS a
compressible solid with a bulk modulus, Ko = 24(1) GPa, that transforms to a more densely packed
isostructural high-pressure phase (termed O’ phase) above ~4 GPa. The first-order phase transition
retains the formation of the superstructure and is accompanied by a discontinuous lattice size
decrease (AV/V ~ 2%). The O’ phase is stabilized by the release of the steric crowding that develops
upon compression; the Sm/Ca metal ions, which reside in the tetrahedral and octahedral holes of the
fulleride sublattice, shift from their off-centered positions at low pressure (O phase) to nest at the
centers of the interstices (O’ phase). The nearly exact coincidence of the pressure response of the
reversible hysteretic O <> O’ phase transformation with that of the samarium valence transition from
+2.33(2) to +2.71(3), as established before by synchrotron X-ray absorption spectroscopy,
unambiguously establishes an intimate link between the crystal and electronic structures of the
(Sm1/3Cazss)2.75Ce0 fullerides.

Comprehensive understanding of the emergent physics in which structural, optical, and electronic
degrees of freedom are strongly coupled with each other in the family of (Smi.xCax)2.75Ceo fullerides

throughout the discussion of Chapters 4-6 is summarized in Chapter 7. The concept of hybrid f- and



p-electron systems realizes electronic interplay between rare-earth valence fluctuations and Ceo cage
acting as electron reservoir paving the way towards unexplored physical responses. Especially
important is the search for superconductivity in the collapsed metallic phases at high pressures where
the coupling between the anion and cation sublattices is extremely enhanced. As superconductivity is
also supported by the fulleride sublattice, the ability to tune band filling via the changes in the
rare-earth electronic structure at high pressure opens a new route to unconventional superconductors

as a future perspective.
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