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High-pressure synthesis and crystal structure and
electromagnetic properties of complex cobalt and
rhodium oxides with dense structures
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Perovskite (Pv)-type oxide is usually stable under high-pressure and high-temperature
conditions because it is denser than other oxides with other structures. The recent discovery of a denser
isocompositional phase of a Pv-type oxide MgSiO; was surprising, and this denser phase has become
known as a post-perovskite (P-Pv) phase. Its discovery is a milestone in geosciences because it may
solve long-standing confusion regarding seismic discontinuities found at 410- and 660-km depths in the
mantle of the Earth. A similar high-pressure study of a post-spinel (P-Sp) phase also has been in
progress.

The denser phases have gained attention in the field of material science because they have an
entirely new class of structures that are essentially different from either Pv or spinel (Sp). These
structures suggest the possibility of the existence of varieties with valuable physical properties such as
high-T, superconductivity, which may be realized if the electronic parameters are applicably tuned.
Motivated by the twofold merits—i.e., applicability in geosciences and materials science—many studies
have focused on these denser phases and their structural transitions. However, experimental studies
have to be conducted under extreme conditions, with pressures typically higher than a hundred
gigapascal and temperatures over a thousand degrees centigrade. Thus, I may expect development of
varieties of analogous oxides, which can be prepared at much reduced transition conditions; this
achievement would greatly help researchers in both fields. Indeed, moderate conditions at pressures of
several gigapascals were found to drive similar transitions like the P-Pv and P-Sp transition in materials
such as CaMO; (M =Ir, Ru, Pt, Rh, and Sn). For further development of the physical properties as part
of adding to the scientific knowledge of these materials, a comprehensive study encompassing the
transition characterizations, identification of crystal structures, and measurement of the electromagnetic
properties is indispensable.

The thesis follows the following structure: Chapter 1 reviews the scientific and technical
background for high-pressure synthesis and the P-Pv and P-Sp transitions, including a historical view.
This chapter also introduces primary-source knowledge pertaining to relations between the denser
lattices and the materials properties to guide readers into the main topic of study.

Chapter 2 summarizes the experimental methods used in this study and provides details of the
high-pressure and high-temperature synthesis in a belt-type high-pressure apparatus, which is available
at National Institute for Materials Science (NIMS), Tsukuba, Japan. In addition, the chapter also briefly
introduces other instruments used for synthesis and sample characterizations, along with their principle
mechanism and physical basis; the chapter also discusses a structure analysis method involving the
Rietveld technique.

Because of the many potential research and commercial applications of these denser materials
that may be useful in a range of fields, I have focused on identifying new P-Pv and P-Sp oxides, which
can be realized under much less extreme synthesis conditions and are quenchable to ambient conditions.
The next three chapters detail experiments and present findings of the synthesis of two new
compounds—a postlayered perovskite Sr;Co,0¢ (Chapter 4) and a P-Sp CdRh,O4 (Chapter 5)—at
pressures and temperatures of no more than 6 GPa and 1500°C. In addition, comprehensive studies of
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their crystal structures and electromagnetic properties and effects of systematic carrier doping as well as
studies on P-Pv CaRhQO; are discussed (Chapter 3).

Chapter 3 reports a reliable synthesis method to reproduce a high-quality P-Pv CaRhO;
compound under much less extreme conditions. Continuous efforts to dope a metal into the Ca site
were, however, unsuccessful mostly because of the highly limited synthesis window. Perhaps, a large
degree of RhOg octahedra distortion is also the dominant factor that hinders the doping. Further
attempts guided by different strategies are necessary to achieve a successful doping of P-Pv CaRhO;.
The doping, if successful, may help realize suitable physical properties such as high-T;
superconductivity. To further study the structural properties of P-Pv CaRhO3, powder X-ray diffraction
was performed to investigate the thermal evolution of the orthorhombic crystal structure (Cmcm) of P-
Pv CaRhO; at temperatures between 60 K and 300 K. Anisotropic thermal features of the lattice were
detected over these temperatures. In addition, an anomalous change in the lattice parameters was
detected at the antiferromagnetic transition temperature of 90 K, indicating a possible magnetic
correlation with the lattice.

Chapter 4 focuses the successful synthesis of a new postlayered perovskite Sr3Co;0s. This
new compound is ~6% denser than of the Ruddlesden-Popper (RP) oxide Sr;C0y07.5 (6~ 1). X-ray
measurements successfully identified the crystal structure of the new material, and the crystal structure
of the material was categorized to the K,CdCle-type, which is highly anisotropic and is remarkably
different from the RP-type. Measurements of the magpetic properties of the new compound revealed
frustrated magnetism. Thus, a study of this new compound can be helpful in understanding the
underlying physics of frustrated magnetism, which is a field of significant interest at present. The
anisotropic structure may be primarily responsible for this unusual magnetism. In addition, Y and Zn
substitutions in the new materials were performed to test the effects of electrical carrier doping to the
unusual magnetic host.

Chapter 5 introduces the P-Sp phase of CdRh,O4, which crystallizes into a dense structure at 6
GPa and 1400°C. The dense phase is quenchable to ambient conditions. The new material is useful in
the study of underlying topics in geosciences, since it is an analogous oxide of the postspinel mineral
MgAl,0,, which can exist only under far more severe pressure conditions deep in the Earth's interior.
In addition, the analogous P-Sp oxide remains nonmagnetic across the transition, which is beneficial for
geophysical studies, because of the absence of complex magnetic contributions to the lattice. Moreover,
it is cation stoichiometric, making it useful for a first-principles study. In addition, a theoretical study
suggested that the density of states of the P-Sp phase is much sharper and higher than that of the Sp
phase near the Fermi level—doping with hole-carriers can potentially develop electromagnetic
properties greatly different from those of the doped Sp phase. In fact, the hole-carrier doping in P-Sp
CdRh,0, via Na substitution of Cd results in an insulator-to-metal transition.

Chapter 6 summarizes the common properties of the new materials in terms of their dense
structures, reduced structural dimensionalities, and magnetoelectric properties. 1 conclude by comparing
their observed behaviors, which are intriguing for materials science, to the properties of related
compounds, leading to proposals for future studies.
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