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The charge degrees of freedom exhibited by transition metal ions in the perovskite oxides have
attracted great interest due to the various fascinating properties such as magnetoresistance, metal-
insulator transition and superconductivity. Bi and Pb are the main group elements but also have
electronic configuration freedoms of 6s®> (Pb?, Bi®') and 6s° (Pb", Bi®). Because the 6s' configurations
(Bi*, Pb*) are prohibited, these are called valence skipping ions or negative-U ions. In our
previous studies, the charge distribution of Pb#Ms and Bid0; (#: 3d transition metal ions)
systematically changes depending on the position in the periodic table. As the atomic number of the
3d transition metal increases, the d-level becomes deeper and the valence decreases. Accordingly
Bi and Pb gradually change from 6s® (Pb%, Bi*) to 6s° (Pb", Bi®). The systematic change in the
valence distribution arises because the 6s level is close to the d levels of the transition metal
and the 2p level of oxygen. Moreover, the charge states of Pb and Bi are highly sensitive to the
changes in temperature or pressure conditions

Among these, BiNiOs;, which has a valence distribution of Bi%* sBi®* sNi*'0s, undergoes an intermetallic
charge transfer under pressure, where Bi® is reduced while Ni%*" is oxidized to Ni®, resulting in a
2.9% volume contraction and a transition to the high—pressure phase Bi*Ni®*0s;. In BiNi; ,Fe,0;, where
Ni is partially substituted with Fe*, the charge transfer occurs upon heating, leading to a 2.6%
negative thermal expansion. This phenomenon exemplifies the functionalization of pressure—induced
charge transfer transitions via elemental substitution. This dissertation focuses on the pressure—
induced structural phase transitions and charge transfer in Pb—containing perovskite oxides Pbi0s
(M = Cr, Fe), both of which have the charge distribution Pb*, sPb%o sl *0s. Utilizing various high—
pressure measurement techniques, the study aims to explore the functionalization of these materials.

The dissertation is structured into four chapters, which are summarized as follows.

Chapter 1. General Introduction

This chapter provides an overview of perovskite—type oxide materials containing Pb and 3d transition
metals, as well as negative thermal expansion materials. It also discusses the research progress on
PbCr0; and PbFe0Os, which are the focus of this study. Finally, the objectives of this dissertation

are presented

Chapter 2. Colossal Thermal Expansion in Ca Substituted PbCrO;

PbCrOs; exhibits charge disproportionation between Pb* and Pb*, resulting in a charge distribution
of Pb%0sPb* 0 sCr®0s. At 2.5 GPa, a pressure—induced intermetallic charge transfer occurs

transitioning from the ambient—pressure phase Pb%% sPb* . sCr®*"0; to the high—pressure phase Pb*Cr*0s,
accompanied by a colossal 9.8% volume contraction, exceeding that observed in BiNiOs.

To functionalize this pressure—induced charge transfer transition, the pressure—temperature phase
diagram of PbCrO; was investigated using synchrotron X-ray diffraction under high-pressure
conditions. The results revealed that, in contrast to BiNiOs;, the high-pressure phase reverts to the
ambient—pressure phase upon heating under pressure. Based on this finding, the stabilization of the
high-pressure phase containing Cr' was successfully achieved by substituting Ca* for Pb, leading

to the realization of colossal thermal expansion in Pbyg 7Cag 3CrOs.




Chapter 3. Pressure Induced Amorphization of Pb* and Pb* in Perovskite PbFe0s

PbFeO; possesses a superstructure with a space group of Cmem forming a 2a, X 6a, X 2a, unit cell
with a charge distribution of Pb?') sPb* sFe®*'0s. Due to its unique Pb ordering, two Fe®' sites exist
in different local environments. To investigate the possibility of a pressure—induced intermetallic
charge transfer, synchrotron X-ray diffraction and Méssbauer spectroscopy were conducted under high-
pressure conditions, and first—principles calculations were used to estimate the pressure required
for charge transfer

Under high pressure, the disappearance of superstructure—derived XRD peaks was observed, confirming
a transition to the high—pressure phase Pmma with a 4 2a, X 2a, X | 2a, unit cell, where both Pb
and Fe occupy a single crystallographic site. Mo&ssbauer spectroscopy revealed that Fe remains in
the 3+ state, while Pb exists in a charge glass state, where Pb®" and Pb" are randomly distributed
in a 1:1 ratio. First-principles calculations corroborated these findings, confirming that charge

transfer to Pb*Fe’0; does not occur at least up to 70 GPa

Chapter 4. General Conclusions

This chapter summarizes the findings of this dissertation. This study focused on the pressure—
induced structural phase transitions and charge transfer possibilities in Pb#0; and utilized high-
pressure measurement techniques and high—temperature high—pressure synthesis methods to explore
their functionalization. The study identified phase transitions to charge glass states induced by
temperature (Pbg ;Cag sCr0Os) and pressure (PbFeOs;). These phase transitions resulted in the emergence
of colossal thermal expansion, a novel property

Furthermore, this research proposes new directions for the functionalization of other PbM0; compounds
(M = Mn, Co---) and (Pby,Bi,) #M0s. Beyond perovskite oxides, these findings provide crucial insights
into the design and characterization of materials with charge disproportionation and charge glass

states, contributing to the broader field of functional materials.
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