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Abstract

Perovskite-related materials have gained significant popularity in recent years due to
their unconventional and outstanding physical and chemical properties, including
ferroelectricity, multiferroicity, magnetoresistance, and exchange bias effects. Notably,
materials related to perovskites that incorporate 5d elements have emerged as a leading and
potentially applicable research area in inorganic and solid-state chemistry. This is attributed to
the competition between local and itinerant d electrons, which can yield a range of beneficial
characteristics, including frustrated magnetism, metal-insulator transitions, high-7¢
superconductivity, and more. In this study, I successfully synthesized several 5d perovskite-
related compounds using the high-pressure high-temperature method and subsequently
investigated their crystal structures, as well as their magnetic and electrical transport properties.

Chapter 1 provides an overview of the research background, encompassing the
fundamental crystal structure, mechanisms related to magnetism, material conductivity models
referenced in this work, and the historical significance of high-pressure technology in materials
science.

Chapter 2 predominantly outlines the experimental details and characteristic techniques
employed in this study.

Chapter 3 presents the investigation of two double perovskite oxides, Cd2FeOsOs and
Cd>FeReOg, obtained under high-temperature and high-pressure conditions, with a space group
of P21/n. Structure and composition determinations were confirmed by synchrotron powder X-
ray diffraction and electron probe microanalysis. Magnetic and electronic property
measurements revealed that Cd,FeReOg exhibits ferrimagnetic order well above room
temperature at ~460 K, with a soft ferrimagnetic feature. Additionally, a tunneling-type
magnetoresistance as large as 37% was discovered in Cd2FeOsOs, while first-principles
calculations indicated its half-metallic state. In Cd>FeOsOs, significant exchange bias (EB)
effects were detected under remarkably small cooling fields, revealing a unique mechanism
and providing valuable guidance for the advancement of materials exhibiting significant EB
effects. Both materials behave as semiconductors, in accordance with a three-dimensional
variable-range hopping transport model. These results not only provide a new platform for
enhancing advanced EB-effect materials but also demonstrate that A-site Cd-occupied double
perovskites constitute a promising class of oxides for exploring new materials with practical

significance, particularly in the realm of soft and hard magnets or in the field of spintronics.



Chapter 4 primarily focuses on the KSbOs-type Fe-doped BizRezO11 and Bi30s3011
compounds, synthesized under high-pressure and high-temperature conditions. Doping with Fe
up to 29 atomic% was achieved under these conditions. The crystal structures and chemical
compositions of BizOs245Fe0ss011 and BizRes13Feos7011 were determined through
synchrotron powder X-ray diffraction and electron probe microanalysis. Both crystal structures
were elucidated using a KSbOs-type model with the space group Pr-3. Measurements of
magnetic and electronic transport properties revealed that Bi3Osz.45FeossO11 exhibited a
ferrimagnetic transition at the highest magnetic ordering temperature of 490 K in the KSbOs-
type structure, while BizRez 13Feos7011 displayed a spin-glass behavior below 22 K. The
magnetoresistance at 5 K and 90 kOe was nearly zero for Bi3Osz45Feos5011, but -10% for
BisRex.13Fe087011. These findings suggest that KSbOs-type 5d oxides, which have thus far
exhibited only weak temperature-dependent paramagnetism, represent a class of compounds
that can be transformed into spintronic materials through doping with 3d elements, thereby
paving the way for the development of new KSbOs-type materials with both theoretical and
practical significance.

Chapter 5 introduces 4BOs-type perovskite oxides MnV(.sNbo.sO3 and MnVo.5Tao 503,
prepared under high-pressure and high-temperature conditions. Structure analysis using
synchrotron XRD patterns revealed that both of them crystallize in GdFeOs-type structure with
the space group Pnma. Magnetic measurements confirmed that MnVosNbosO; and
MnVs5TapsO; order ferrimagnetically at 17 and 18K, respectively. Both phases are
semiconductors, with activation energies of 0.13 eV and 0.31 eV.

Chapter 6 presents the overall conclusions and future prospects based on this body of

work.

Keywords: High-pressure synthesis, Crystal structure, Physical Properties, Perovskite-Related

Oxides, 5d transition metal Oxides

II



MPMS

PPMS

XRD

SXRD

FC

ZFC

Tc

T~

AFM

FM

HUeff

BVS

NIMS

List of Abbreviations

Magnetic property measurement system
Physical property measurement system
X-ray powder diffraction

Synchrotron X-ray diffraction

Field cooling

Zero field cooling

Curie temperature

Neel temperature

Antiferromagnetic

Ferromagnetic

Tolerance factor

Weiss temperature

Curie constant

Effective magnetic moment

Bond valance sum

Heat capacity

National Institute for Materials Science
Magnetic susceptibility

Electrical resistivity

III



High-Pressure Synthesis, Crystal Structures and Physical

Properties of Perovskite-Related 5d transition metal Oxides

Contents
Chapter 1. INtrOAUCTION .......eeiiiieiiiieeiee et et e e et e e etae e ssaeeeesseeessseeensseeenseas 1
L1, CryStal SEIUCTUIE ....veieiiiieiiie et ettt et e e st e e ste e et eeetaeeetaeeesseeesssaeesnseeessseeessseeenssaeans 1
1.1.1. KSDO3-tYPE SLIUCTUIE......eeeeiiiieeiiieeeiiieeeieeetee et e etteeetee e st e e saeeesnaeeesaseeesnseeensseeennns 1
1.1.2. Perovskite and double perovskite Structures ............cceecveeeeiiereieencieeniie e 2
1.2. 5d transition mMetal OXIAES .....cc.eeoveriiiiiiriiiiieieeieree et 5
L Y o 4 1< T3 s o F OO YU PRURPRRPRI 7
1.3.1. Classification of magnetic behaviors...........cccceevieriieiiieniieiiee e 7
1.3.2. Magnetic @XChanG@E ........ccueevuiiiiiiiiieiieeie ettt ettt bee e 8
1.4. Magnetic-related physical mechaniSms ............cccveeriiieiiieeiiieeee e 10
1.4.1. Geometric frustration MAZNELS .......c.eeerureerieeerieeeiieeereeeeeeeeteeeereeesseeesareeessseeens 10
1.4.2. MagEtOTESISTANCE ....vveeeeiieeeiieeeiiieeeieeesiteeeseteeestteeeareeetaeessseeesssaeessseeessseesnnseesnsseenns 12
1.4.3. Exchange bias (EB) €ffects.......c.ccoviiiiiiiieiieeeeeeeeeee e 14
1.5. Material conductivity MOAEIS.........ccecuiieiiiiiiiiieeciie et e 16
1.5.1. Conduction 1N MELALS ......cc.eeruiriiriiiiinieieeee et 17
1.5.2. Thermal activation conduction model ............coceevueriiniiiinienineneeeeeee 18
1.5.3. Variable range hopping model ............cccoeeiiiiiiiiiiiiieiiieiece e 18
1.6. High-PIeSSUIE SCIETICE .....eeviieiiieiieeiiieiieetieeiie et eeite e bt e e teeebeesaeeesseessaeeseessseenseessneenseens 19
1.6.1. History of high-pressure SCIBNCE ........cccuveeeiieeiiieeiiieeie et evee e e 19
1.6.2. High-pressure in material SCICNCE. .......cueeeruiieeriieeiiieeiieeeee e e ereeeereeeeveeeeaeeens 20
1.7. Targets and structure of this thesiS........cccvviieiiiiiiiiieeie e 21
References in Chapter 1 ......oooiiiiiiiii ettt e e 23
Chapter 2. Experimental Mmethods..........c.cooiiiiiiiiiiiiieiiecie e 31
2.1, SaMPIE PrePATALION. ... .eeitieiiiietieeiiieiie et eite et etteeteettessbeebeesaeeebeessbeensaesnseenseassneenseens 31
2.2. High-pressure synthesis apparatus ...........ccceecueereerieeriienieeniieseeeieesveesieesereenseesneeseens 31
2.2.1. Belt-type high-pressure apparatus ...........eecveeeieeriienieeiieenieeieeee e esiee e eeee e enne 31
2.2.2. Multi-Anvil-type high-pressure apparatus...........ceccveeeeveeeiieeeiieeeieeesieeesveeesveeens 32
2.3. Structural characterization Methods ...........coouiiiiiiiiiiiii e 33
2.3.1. Laboratory powder X-ray diffraction ...........cccccuveeriiieniieeiiieeiee e 33
2.3.2. Synchrotron X-ray diffraction ...........ccccceeeiiiiiriieeriieeeee e 34



2.3.3. RIEEVELA MEINOM. ... oo e e e e e e e e e e e e e eeenaan 36

2.3.4. Rietveld program: RIETAN ........oooiiiiiiieeeee ettt e 37
2.4. Magnetic property MeEaSUICIMENL..........eeeruueeeiureeeireerieeesreeesreeessreeeseeesseeessseeesseeessses 38
2.5. Electrical property MeasUreIMENt . .......cc.ueeruieriierieeeieeiienreeieeseeeseesreeseessseeseessnesseens 39
2.6. Thermal property MEASUTSIMENT .........eevieruierieerireeieetieereeteesveeteesreeseeseseeseessneenseens 39
2.7. Other technologies used in this WOTK ..........cccueeriiiiiieiiiniieiieeie e 40
2.7.1. Electron probe microanalysis (EPMA)........ccccveiiiiiiiiiieniieieeeeceeeee e 40
2.7.2. MOSSDAUCT SPECLIOSCOPY .vveeuvrreaurrreairresireeaieeesseeessreeessreesssseessseeessseeessseessseesssseesns 41
References in ChaPEr 2 .......oiviiiieiie ettt e re e et e e et e e s e e e snseeeaneas 41
Chapter 3 High-pressure synthesis and magnetic and electrical properties of double
perovskite oxides Cd2FeOsOg and Cd2FEREO6 ......vveeeuviieiiiieiiieeciieeeeeee e 43
3.1. Achieving large exchange bias effect in Cd2FeOsOg with small cooling fields........... 43
311 INErOAUCLION .ttt sttt st 43
3. 1.2, EXPEIIMENLAL......eiiiiiiiiiiiieiieie ettt ettt et s e et e e eseesaae e 44
3.1.3. Results and diSCUSSION .......eeueeruiiriiiieriieieeiiesie ettt 45

3.2. Cd2FeReOs: a high-Tc double perovskite oxide with remarkable tunneling

MNAZNELOTESISTATICE ...vveutenteiieteeitertt ettt sttt et sh ettt esbe e bt ebeesbeeste e bt e s bt enbesbte bt entesbeenbeenee e 59
3.2, 1. INErOAUCLION ..ttt sttt sttt e 59
3.2.2. EXPErIMENtal.......ccocuiiiiiiiiiiiciie ettt et et e e 60
3.2.3. Results and diSCUSSION ......ccuiiiuiiiiieiie ettt e 61

3.3, COMNCIUSION. ...ttt ettt et e b e et e be e s st e e bt e et e e bt e esbeebeesneeenne 76

References in Chapter 3 ......oooiiii ittt re e et e e et e e s e e snveeenneas 78

Chapter 4 High-pressure synthesis and magnetic and electrical properties of Fe-doped
B13R€3011 @nd Bi30S30 11 euveeuiiiiiiiiieie et e 85

4.1, INEEOAUCTION ...ttt sttt et st e bt et sbeenbe e 85

4.2, EXPEIIMENLAL .....eiiiiiiiiiiiiiiii ettt ettt ettt st e et e s sbeenbeesabeenseesnneenseens 86

4.3. Results and diSCUSSION. ......ccuiruiiriiriiriieiietesitet ettt sttt sttt 88
4.3.1. Determination of the chemical composition and crystal structure ......................... 88
4.3.2 MAGNELIC PTOPEITICS 1uuvveeeiiireeiireeaireesteeesteeestreeesaeeeseeesseeessseeessseeessseeessseeesssessnsses 92
4.3.3 EleCtriCal tranSPOIt.....c..eeciiieeiieeeiieeeieeeeieeeetee et e et ete e e era e e saeeesseeesnseeesnseeenneas 97
4.3.4. SPECITIC NEAL ...eeeeiiieeieece et eaaeas 98

4.4, CONCIUSION. ....eeuiiiiitieiie ettt ettt e et e b e et e et esab e e bt e e sbeebeesateebeesaeas 100

References in Chapter 4 .........oooiiiiiiiiieieee ettt ettt ettt e e eeaeeeenes 100

Chapter 5 High-pressure synthesis of half-doped perovskites MnVg.5Nbo 503 and
MnV.5Tap.s03 with unusual A-site small Mn atoms.........c.ceceeriieriienieenieeie e 105

II



5.1 INEEOAUCTION ..ot e e e e e e e e e e e e e e e e e e e e e e e e eaaaaeeeeeaeeneans 105

5.2, EXPEITMENLAL ...ooiiiiiiiiiiecie ettt ettt et e e e e et e e eabeeeenaee e 106
5.3. Results and diSCUSSION. ....c...eiiuiiiiiiiieiiieite ettt et 107
5.3.1. CryStal SLUCLUTE. .....eeiuiieiieeiie ettt ettt ettt et ae b e saaeenbeesnneenseens 107
5.3.2. MAZNELIC PIOPETLY...ceuvietieriiieiieeiieeteeeteenteesteeteesaeeseessteenseessseeseessseanseessseenseens 111
5.3.3. HEAL CAPACILY ..euvvieuiieeiiieiiecite ettt ettt et site et e st e etee st e e bt e s sbeeseeenteenseessneenseens 113
5.3.4. ELCCLIONIC PIOPEILY ..c.vveeurieieiieiieeiiietieeieesteesteeteesreeseesseeeseessseeseesnseenseessneenseens 115

5.4 CONCIUSION. ...ttt ettt ettt et e bttt e sat e et esseeebeesateenbeesaeas 116
References in Chapter 5 ......oooiiiiiiie et e e e e e 117
Chapter 6 General conclusions and fUture ProSPeCctS..........eecveeerveeeiieeriieeririeesieeeeieeesveeens 122
6.1. General CONCIUSIONS .......eeiuiiiiiiiiiieie ettt ettt ettt 122
6.2, FULUTE PIOSPECLS ...vieiiieeiiieeiiie ettt et e et e et e ettt e ettt e st e e sabeeesabeeesaseeesaseeseabeesnseeennee 123
References in Chapter 6 .......c.oooiiiiiiiiiiiieieeieee ettt et ettt et e e 125
List of appended publiCatioNnS ...........ccueriieriieriieiieeie ettt et e 127
ACKNOWIEAZEIMENL ......oiviiiiieiiieiie ettt ettt e et e e st e et esabe et e e sabeesseessseenseens 128

III



Chapter 1. Introduction

1.1. Crystal structure

Crystal structure is defined as the ordered repetitive arrangement of atoms, ions or
molecules in a solid material. Investigation of crystal structures has been a significant subject
beneficial for materials science study and search of new useful materials due to the strong
entanglement between the structure and properties of materials. In solid-state chemistry
research region, ABOs-type oxides occupy a prominent position since plenty of attractive oxide
compounds could be categorized in it, including Lithium niobite (LiNbO3) structure, perovskite
structure, corundum structure, ilmenite structure, KSbOs-type structure and so on. The study
on crystal structure is the basis of the present study, and I will therefore begin with a brief
introduction and description of the crystal structures involved in this paper, mainly the KSbO:s-

type structure and perovskite structures.

1.1.1 KSbOs-type structure

ABOs-type oxides crystallize in varies structure types, including perovskites, corundum,
ilmenite, pyroxenes, bixbyite, AlFeOs;, KSbOs3, PbReO3, CalrO3 and others, determined by the
differences of size and natural properties of A and B cations. Among the mentioned structures,
the KSbOs-type family is worthy for attention since some attractive properties were reported
in them such as ionic conductivity and electrocatalysis in BisRuzO11,!* notable non-Fermi-
liquid behavior in structurally related LasRueO19,> and the highest T record of 307 K among
insulating and semiconducting ferromagnets in BisMn3O116 . In particular, from a structural
point of view, this type of structure consists of the corner and edge shared octahedra, resulting
a complex tunnel-like three-dimensional framework with channels in which different units
could be filled in it, which is quite interesting because with the change of the filling units, the
oxygen content may change from ABO; to ABO3¢67. Figure 1.1 shows the skeleton of the
KSbOs-type framework, the SboO19 dimer is composed of edge-sharing octahedral pairs, with
adjacent dimers located in a vertical plane to form corner sharing, thereby linking them into a

geometrically frustrated 3D network.
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Figure 1.1. The skeleton of the KSbOs-type framework viewed in different directions, the
Sb2019 dimer is composed of edge-sharing octahedral pairs, with adjacent dimers located in

a vertical plane to form corner sharing.

1.1.2. Perovskite and double perovskite structures

Perovskite materials were discovered in 1839 by Gustav Rose and then named after a
Russian mineralogist Perovski. Its general chemical can be described as ABX3, where A and
B are cations with a larger A cation and a smaller B cation and X is the anion usually oxygen
or halogens. In general, the ideal perovskite should be cubic, B cations may locate in the
center of the octahedra to form the BOs octahedra and they may link with each other by the
corners then the larger A cations are filled in the structural cavities, surrounding by 12 anions.
However, most perovskites may show displacements of atoms and distortions of the
octahedra due to the mismatch size of the cations and as a consequence, the symmetry may

reduce by the distortions °. The perfect and distorted perovskites are sketched in Figure 1.2.

3L 22 .
3582 R0

perfect perovskite distorted perovskite

Figure 1.2. Perfect and distorted ABX3 perovskites



Usually, most elements in the Periodic Table can be selected as both A and B
occupants in perovskites, creating vast possibilities for the generation of perovskites. The
stability and distortion in perovskites could be estimated by the Goldschmidt’s tolerance

factor, ¢

,+ 10

T V2 (r5 + 15)

Where r4 is the radius of the A cation, 75 is the radius of the B cation and ro is the radius of
the anion (usually oxygen). Normally, the value of ¢ can be utilized to approximate the
distortion degree and predict the crystal structure. For example, if ¢ > 1, the perovskite
structure usually be hexagonal or tetragonal; if 7 locates between 0.9 to 1, the perovskites
usually belong to cubic; if ¢ falls between 0.71 to 0.9, the structure should be orthorhombic
or rhombohedral; if  is smaller than 0.71, the structure will be other different structures.
Based on the conventional perovskites, double perovskites came into being in 1950s.
Compared with perovskites, partial cation substitution is involved in double perovskites and
the substitution can take place either at the A or the B site, in varying degrees. Recent years,
the half substitution in B-site cations has been particular interest since the B-site cations
typically govern the most interesting properties of perovskites and the referring of two
different B-site cations allows the combinations for the novel and unusual properties driven
by different elements, ranging from 3d, 4d and 5d transition metals and some main group
elements. The two different cations B and B’ could remain disordered on the B-site or the
difference between the oxidation states of B and B’ may introduce an ordered arrangement,
forming a so-called B-site ordered double perovskite, which could be presented by the general
formula A2BB’Og¢ (A is divalent or trivalent metal element, B and B’ are 3d, 4d or 5d
transition metal elements). Commonly, there are three types of B-site ordering A2BB’Os

double perovskites, as shown in Figure 1.3 below ©:

d b C




Figure 1.3 B-site ordering schemes in double perovskites A2BB’Og, (a) rock-salt, (b)
columnar orderings and (c) layered orderings. The BOs and B’Os octahedra are drawn in

different colors °.

Among them the rock-salt-type arrangement is the most common case, which is also
known as the elpasolite structure after the discovery of KoNaAlFs. Sometimes the layered
order may occur occasionally, in this situation, the B and B’ cations alternate only in one
dimension. The columnar order is rare to take place, in which the two different B cations
alternate in two directions.

So far, there is an explosion of research into double perovskites, as the BB’ position
allows for the combination of a large number of different elements, such as: Ba,MgReQOs ’,
SrBOsOs (B=Y, In, Sc) ¥ Sr.CrReOs !, SrCrOsOs !, SroFeReOs 2, SroFeOsOg 1,
ScoNiMnOg 4, AFeReQOs (A = Ca, Ba) '>1% Y,NiMnOg 7, Y2MnCrOg ¥, Y2CoMnOs 9,
PbaFeOsOs 2°, PbFeReOs 2!, PbBReOs 22 (B = Co, Cr), Ca;BOsOs (B = Ni, Co) %,
Mn2CoReOs 2*, MnaNiReOs 2°, MnLiReOs 2%, SraFeMoOs 2728, CaxMnOsOs 2°. As the
combination of elements changes, the performances could also vary from metals to insulators,

distributing from antiferromagnet, ferrimagnet, ferromagnet as well as spin glass and so on.
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Figure 1.4. ABO;3 ternary compounds classified as perovskites by geometric model (blue
squares), ab initio calculations (red circles) reported by Emery et al., and experimental data

(black crosses). *° (Copyright © 2023 National Academy of Science. All rights reserved.)



Although the substitution on A-site could happen, it will expand the number of
perovskites considerably, as can be seen in Figure 1.4 *°, even just for the simplest ABOs3
single perovskites, there are still more than 100,000 new perovskites waiting to be discovered,
so I do just limit the investigation in B-site ordered and disordered compounds with a single

A-site cation. Details will be elaborated in subsequent chapters 4 and 5.

1.2. 5d transition metal oxides

In chemical terms, the transition metal means the chemical element which obtains a
partially filled d-subshell that can be engaged in chemical bonding. The transition metals
usually locate in the d-block of the periodic table, as sketched in Figure 1.5. 3! According to
the extended degree of orbitals, the transition-metal system can be divided into 3d, 4d and 5d
series. Compared with the 3d and 4d counterparts, 5d elements have the most extended
orbitals, thus the extended 5d orbitals may overlap more with the nearest neighbor ions and

result in a broader bandwidth.

[+ s-block —

p-block

Elements of 3d- series

Figure 1.5. Periodic table. Enlarged area shows transition elements of d-block, which consists

of 3d, 4d and 5d series 3!



Complex oxides with 5d transition-metal ions have been attracting lots of attention
recent years due to the 5d electrons on the spatially extended d orbitals and notable spin-orbit
coupling (SOC). The former may cause a smaller Coulomb repulsion (U) for 54 electrons
while the later can be compared with or even larger than some other relevant parameters such
as Hund’s coupling Jx and the electron hopping amplitude z. Simultaneously, 5d cations
prefer a low-spin configurations rather than a high-spin configuration due to the large crystal-
field. The non-trivial competing between SOC, U and noncubic crystal field enables the
exploration of various intriguing properties, such as Mott insulator 2, high T,
superconductivity >3, quantum spin liquids **, multipolar ordering ’, topological insulating
behavior *° and so on. Figure 1.6 ¢ gives a simple phase diagram to present several novel
physical ground states determined by the relative strength of the electron correlation (U/f) and
the SOC (A/%). It is clear from the diagram that through the investigation and control of the
electron correlation and SOC will be very helpful for the design and exploration of new

materials with exotic states.

Spin liquid Quadrupolar

Mott

insulator Spin-orbit coupled

Mott insulator

Uit Axion
insulator

Weyl
semimetal

Topological
Simpl Mott
unpie insulator
metal or

band insulator = s
Topological insulator

or semimetal

¥

Alt

Figure 1.6. A simple phase diagram to present several novel physical ground states
determined by the relative strength of the electron correlation and the SOC. *¢ (Copyright ©
2010, Annual Review of Condensed Matter Physics)



To date, there is still very limited research on 5d metal oxides and therefore my
research focused on this region with the aim of exploring new exotic properties for 5d

transition metal oxides.

1.3. Magnetism

1.3.1. Classification of magnetic behaviors

Many different types of magnetic orders are simply sketched in Figure 1.7. From

top to bottom, paramagnetic, ferromagnetic, antiferromagnetic as well as ferrimagnetic.

VA WA NV Paramagnetic

Ferromagnetic

Antiferromagnetic

1 Ferrimagnetic
v v

Figure 1.7. Schematic illustration of paramagnetic, ferromagnetic, simple antiferromagnetic

and ferrimagnetic spin arrangements.

Generally, the magnetic species are distinguished mainly on the basis of the
arrangements of unpaired electrons in the material. In paramagnets, the unpaired electron
spins may orient randomly inside the material, in ferromagnets, all of the unpaired electron
spins are arranged in parallel, in antiferromagnets, the spins are aligned antiparallel while
ferrimagnetic order is a special case of antiferromagnetic order in which the spins are aligned
oppositely as well but the moments corresponding to different directions are unequal

therefore net moments may remain in ferrimagnets >’

7



In particular, through the investigation of the three-dimensional magnetic structures of
manganite perovskites, it was found that among them the antiferromagnetic order could be

subdivided into three structure types 3%, as shown in Figure 1.8, A-Type, C-Type and G-Type.

— 7 —

4. < I AV
A-AF C-AF G-AF
Figure 1.8. A-AF, C-AF and G-AF antiferromagnetic structures.

The magnetic situation in a material is usually determined by the competition
between atomic magnetic interactions and thermal motion of atoms. At high temperatures,
the thermal motion of the atoms plays a dominant role and the material becomes
paramagnetic. When the temperature decreases, the magnetic interactions between the atoms
begin to function and long-range magnetic ordering is established. As the temperature drops
further and the magnetic interactions between the atoms become dominant, the ferromagnetic,
ferrimagnetic, antiferromagnetic states may occur. This transition temperature is referred to
as the Curie temperature (corresponding to ferromagnetic and ferrimagnetic order) or the Neel

temperature (corresponding to antiferromagnetic order).

1.3.2. Magnetic exchange

1.3.2.1. Heisenberg direct exchange interaction

In order to explain the ferromagnetism of materials, in 1928, Heisenberg
proposed the direct exchange interaction through the chemical bonding between adjacent
magnetic atoms is responsible for the spontaneous magnetization of the material, and
established the Heisenberg model to reveal the nature of spontaneous magnetization of
ferromagnetic materials. He extended the exchange interaction model for hydrogen to multi-

atom systems, giving the following Heisenberg model:



Where 4 is the exchange integral and the latter item is the exchange energy.

1.3.2.2. Superexchange

In some oxides, the magnetic ions are far apart and separated by non-magnetic anions
such as oxygen, at this point it is difficult to realize significant overlap between the electron
clouds of magnetic cations, making it difficult for the Heisenberg direct exchange mechanism
to be effective. In 1934, Kramers * first suggested that exchange interaction in ionic crystals
could be achieved indirectly through the anion, known as superexchange later *°. As shown
in Figure 1.9, in NiO, the p orbitals of the O> ion contain two electrons each, which are
coupled antiparallel, and these two electrons on the same anion could couple two close cations

antiparallel, respectively as well.
- I ©) 1 - T§ 1 -

/ f f
Ni2 / 02 / Ni2*

p, orbital d,2 orbital

Figure 1.9. Schematic representation of the superexchange of NiO.

In general, the superexchange interaction is strongest when the cation-anion-cation
bond was aligned on 180°, and if there is a 90° angle between the two cations and the anion,
the superexchange interaction is weakest.

In conclusion, the theory of superexchange interaction explains well some cases of
antiferromagnetic ordering, such as NiO, MnO and so on. Later, P. W. Anderson *!
systematized this theory in 1950 and Goodenough *? refined it in 1955 again, which has been
successful in explaining some magnetic structures that can not be illustrate by ionic bonding

theory, typical examples being their application in revealing the magnetic structures of

LaMnO3; and CaMnOs.

1.3.2.3. Double exchange



In 1950, Jonker and Van Santen found that there is a strong correlation between
the magnetic transition and electrical conductivity in a series of doped La;xCaxMnO; #*
Later, in 1951, Zener ***° proposed the double exchange interaction and successfully
explained the ferromagnetism in the mixed-valences manganite perovskite oxides. His view
is that, electrons could move simultaneously inside the mixed-valences manganite, the route
can be explained as: Mn3} 0,73, Mn** — Mn**0,; 3, Mn3;, which means that electron 2
may move from oxygen to Mn*" and electron 1 may move to oxygen from Mn*" % This

process could be illustrated graphically by Figure 1.10.

Double Exchange

@@O

M n3+ 2— Mn4+
M n4+ 2— Mn3+

Figure 1.10. Scheme of the double exchange mechanism

1.4. Magnetic-related physical mechanisms

1.4.1. Geometric frustration magnets

‘Frustration’ implies the system is unstable and it is hard to find a unique ground
state, which is common to occur in disordered solids. Whereas, it could be also discovered in
ordered solids, deriving from geometric considerations, and it is gradually being seen to
control many physical phenomena through the atomic collective behaviors. Since the
properties of solids are determined not only by the positions of atoms, but also affected by
their intrinsic local interactions, such as magnetic order, rotational degree of freedom. When

the crystal symmetry is not compatible with the mutual interaction between moments, what
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will happen? A representative example is the antiferromagnetism, in which the magnetic
moments of adjacent atoms tend to align reversely. As shown in Figure 1.11 *’in a triangular
lattice, no matter how the residual moment is arranged all three spins cannot be antiparallel

simultaneously, this unsatisfied bond is said to be frustrated.

Figure 1.11 A simple diagram of frustrated situation in the triangular lattice system. ¥/

(Copyright © 2010, Springer Nature Limited)

Extending this situation to systems containing more such triangles, things will become
much more complex, as displayed in Figure 1.12, *’ the orientations of the spins will depend

more on the circumstances and the intrinsic order will be less obvious.

(a) (b)

Figure 1.12. Frustrated magnetism on 2D and 3D lattice. (a) a triangular lattice. (b) a Kagome

lattice. (3) the 3D pyrochlore lattice. 4’ (Copyright © 2010, Springer Nature Limited)

In summary, geometric frustration is an important phenomenon in magnetic

materials and the competing interactions inside the frustrated systems may give rise to huge
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degeneracy of the ground state of the material 4 and compared with regular systems, it may
possess more configurational options which make these frustrated systems possible to obtain

practical utilizations in areas such as microelectronics, drug delivery and so on. *8

1.4.2. Magetoresistance

Magnetoresistance (MR) is the change in the resistance of materials in response to
an external applied magnetic field. *° Typically, it can be divided into five sub-categories:
ordinary magnetoresistance (OMR), anisotropic magnetoresistance (AMR), giant
magnetoresistance  (GMR), tunneling magnetoresistance (TMR) and colossal
magnetoresistance (CMR).

Ordinary Magnetoresistance usually occur in non-magnetic metals and the change
in resistivity Apis positive. The reason is that, for all non-magnetic metals, due to the Lorentz
force caused by the magnetic field, conduction electrons will be deflected in their path,
making the path follow a curve, which will increase the length of the path of electrons and
enhance the chance of collisions of electrons, therefore, the resistance of the material may
increase. In general, OMR effects are very small at low fields, but with the increase of
magnetic fields, the effect can become quite large.

Anisotropic magnetoresistance means that the variation of magnetoresisitance in
some materials is related to the angle between the magnetic field and the current. The physical
roots for AMR lie in the coupling of spin orbitals. As the magnetization direction rotates, the
electron cloud around each nucleus is distorted slightly, and this distortion changes the
amount of scattering conducting electrons. A plausible explanation is that, if the magnetic
field is oriented perpendicular to the current, the electron orbitals are in the plane of the
current, which may decrease the cross-section for scattering, producting a low resistance
state. In contrast, for a field parallel to the current, the electron orbitals are perpendicular to
the current and the cross-section of the scattering increases, resulting a high resistance state.

Giant magnetoresistance effect exists in ferromagnetic/non-ferromagnetic
multilayer systems (as shown in Figure 1.13), where the non-magnetic layers may change
the behavior of the conduction electrons in the magnetic layers, resulting in varying degrees
of magnetic scattering of the electrons, causing a much larger resistance (up to ~50%) %!

than the normal magnetoresistance, thereby it was named ‘giant magnetoresistance’.
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< Ferromagnetic layer

“ Nonmagnetic layer

Figure 1.13. A typical GMR structure.

Typically, Tunnel magnetoresistance effect is a phenomenon that occurs in a magnetic
tunnel junction, which has been demonstrated for a trilayer component consisting of two
ferromagnetic layers intervened by a nonmagnetic-insulating layer 3, as sketched in Figure
1.14. If the insulating layer is very thin, the electrons could jump from one ferromagnet to the
other. The two magnetization directions of the ferromagnets can be controlled individually
by the external magnetic fields. Hence when the magnetization directions of the two
ferromagnets are parallel, electrons are more likely to tunnel through the insulating film, as
opposed to anti-parallel. As a consequence, such junctions can switch between a low
resistance and a very high resistance. Recently, TMR was observed in some perovskite-type
transition-metal oxides as well, and field control of the spin dependent scattering of carriers
at the grain boundary seems to be the reason for the TMR appearance in polycrystalline

samples. 33

Ferromagnet

Insulator (tunnel barrier)

Ferromagnet

Figure 1.14. A Schematic magnetic tunnel junction (MTJ).

Colossal magnetoresistance mainly be discovered in manganese-based perovskites.

The generation mechanism is totally different from and often much larger than GMR (more

13



than three orders of magnitude larger than the typical GMR %). In CMR, the addition of a
magnetic field most likely enhances the alignment of the spins thus decreases the resistivity.
Alternative mechanism is that the distances between the magnetic ions are particularly
important and the external magnetic field will affect the indirect exchange interactions which
are contribute to conductivity as well. In practice, a fully quantitative understanding of the
CMR still remains elusive and the development of CMR technologies still remains as a

question.

1.4.3. Exchange bias (EB) effects

The design and control of special magnetic properties are pivotal in the manufacture
and application of new materials. The EB effect is an important feature that can be utilized to
control one of the most significant parameters — coercivity in ferromagnets. As sketched in
Figure 1.15, the EB effect may result in a shift of the hysteresis loop along the magnetic field

axis. Here Hk is the exchange bias field, Hc1 and Hez are the left and right coercive fields.

M

Figure 1.15. Shifted hysteresis loop in an EB ferromagnet.

One of the major effects of EB effect is to make it more difficult to reverse the
magnetization. We can see that when the hysteresis loop is shifted, to reverse the
magnetization direction, a magnetic field larger than Hc1 needs to be applied. As I mentioned
in the previous section on GMR *° and MTJ 2, the fix of the magnetization direction of a
particular ferromagnetic layer is required in the practical application of GMR or MT]J,

therefore, a significant Exchange Bias effect will be very helpful in increasing the storage
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density and reducing the size of the electronic devices, which is expected to dramatically
improve the performance of spintronic devices and magnetic tunnel junctions.

The phenomena of exchange bias usually occur at the FM/AFM interface where the
ferromagnetic and antiferromagnetic interaction can compete with each other *°>. And the way
to obtain the shifted hysteresis is: First, an applied magnetic field is added above the ordering
temperature 7n of the antiferromagnet to align the magnetic moment in the field direction,
second, cooling the sample below 7~ while maintaining the applied field. Then a shift of the
hysteresis loop along the magnetic field axis may appear if the magnetization measurements

are performed subsequently.

a >

———————— H
b ~—

-------- H
c «—

———————— H

Figure 1.16. A schematic diagram for the basic mechanism for EB effect. (a) Beyond Tn, an
additional magnetic field is applied in order to align the ferromagnet spins. (b) After cooling
process under an applied field, an anti-parallel coupling between the FM and AFM layer is
forming. (c) A larger applied field is required to reverse the magnetization direction of the

ferromagnet.

A schematic diagram of the basic mechanism for the formation of EB effect is
shown in Figure 1.16. In panel (a), the magnetic field is applied at a temperature above 7x,
which may align the ferromagnetic spins and during cooling the magnetic field maintains thus
the magnetization remains pinned along the original direction when small negative fields was
added, as in panel (b). Since the spin orientation of antiferromagnets is only weakly affected
by an applied magnetic field, interfacial spins of a soft ferromagnetic layer may be pinned by
the strongly exchange-coupled antiferromagnet, therefore, an additional energetic

consumption is necessary in reversal of the ferromagnet’s spins as well as the propulsion of
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a Neel domain wall within the antiferromagnetic layer. Only if the applied field is large
enough to overcome the interlayer exchange between the FM and AFM interface, the reverses
of the ferromagnet could be realized. This is why larger magnetic field is required for the
reverse of magnetization.

In the current era of the information age, research on data access is driving global
technological innovation. Magnetic recording devices heavily rely on the exchange bias (EB)
effect to precisely fix the state of the readout head in hard disk drives. Traditional EB effects
primarily occur in layered materials and necessitate large cooling fields (typically tens of
kOe) to achieve significant EB effects, leading to challenges in manufacturing and energy
consumption. Consequently, there has been a concerted effort to develop new materials and
technologies that enable substantial EB effects with small cooling fields in a single phase.
Recent years, EB effects have been found successfully in some structurally homogeneous
systems in which various magnetic phases co-exist. The atomic disorder seems to be the
contributing factor, a typical example is the ferrimagnetic Heusler alloy Mn3_«PtiGa which
contains giant EB effects >, the origin of the considerable EB effects could be traced to the
ferrimagnetic clusters in the compensated host, which are generated as a consequence of
antisite disorder. In a similar vein, DPs may also supply different lattice positions for
magnetic ion as well as the antisite disorder is frequently prone to ’. Therefore, the relative
study on such DPs may provide promising platform for obtaining an enhanced EB effect

which can be triggered by a small cooling filed in a single phase at room temperature.

1.5. Material conductivity models

Electrical resistivity p is a physical quantity that describes the electrical
conductivity of a material. Resistivity is numerically equal to the resistance of a substance
per unit length, per unit cross-section, which could be calculated by the formula p = RS/L,
where R is the electrical resistance of a uniform specimen of the material, S is the cross-
section area and L is the length of the material. Whereas, it should be noted that resistivity is
independent of factors such as the length and cross-sectional area of a conductor, it is an
electrical property of the conductor material itself, determined by the material of the

conductor and is temperature dependent.
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According to the band theory, the intrinsic resistivity of a material is determined by
the number of electrons contained in the ‘conduction band’ and materials can be classified as
conductors, semiconductors and insulators depending on their band structure 3. Figure 1.17
shows the simplified diagram of the electronic band structure of insulator, semiconductor and
metal. Commonly, insulator have a large energy gap (usually greater than 9 eV), making it
very difficult for electrons to jump from the valence band to the conduction band and
therefore unable to conduct electricity. In contrast, the conduction band and valence band
have an overlap region in metallic conductors, thus electrons could move freely and conduct
electricity. In the middle case, semiconductor materials in general have an energy gap of
about 1~3 eV, in this situation, a suitable energy excitation could help electrons overcome
the energy barrier. When electrons gain energy and jump from the ‘valence band’ to the

‘conduction band’, electrons could move freely between the bands and conduct electricity.

Conduction
band

Conduction

Overlap
region

>

go

21 Bandgap || ——======—==-
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Valence Valence

band band band
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Figure 1.12. Simplified diagram of the electronic band structure of insulator, semiconductor

and metal.

In most materials, resistivity varies with temperature, but different mechanisms of
material conductivity can result in different relationships. Below I briefly introduce a few

models on resistivity temperature dependence.

1.5.1. Conduction in metals

The high electrical conductivity of metals has long been discovered and

exploited, and the conductivity-temperature relationship has a significant impact on the
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application of the material. Thus, a large number of experimental studies have been carried

out, yielding a number of regular results. The following formula is a general and typical result:

p=po+ pi(T)

From the formula we can see the resistivity of a metal can be clearly divided into two separate
parts, the first part is independent of temperature and is called residual resistance, it is related
to defects and impurities in the metal, the second part is temperature dependent and is called
intrinsic resistance. It decreases as the temperature decreases, 7 — 0K, pr — 0, it is tentatively
determined to be caused by lattice vibrations. Experiments have shown that most metal
resistivities at room temperature are mainly governed by phonon collisions, and by impurities

and defects scattering under 4K.

1.5.2. Thermal activation conduction model

For classical semiconductors, the electrons need to overcome the bandgap energy
Esap to move freely and contribute to the conduction. When the energy to overcome Egap
comes from the thermal energy, then the resistivity-temperature dependence can be given by

the following formula

Eq
pocexp G-r)

Here E. is the activation energy, kp is Boltzmann’s constant and 7" is the temperature. This
Arrhenius-type transport could be used to estimate the activation energy and since for
classical non-doped semiconductors E, is usually equal to Egap/2, the band gap could be

roughly calculated as well.

1.5.3. Variable range hopping model

In the low temperature region, different conduction mechanisms appear. In this
situation, the hopping conduction process is discovered, the resistivity is logarithmically
related to temperature and the temperature-dependent relationship could be described by the

VRH model:
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Inp(T) o< (To/T) "

where 7 is related to the shape of the DOS at the Fermi level ¢°. In the low temperature region
there are four possible n values (n =1, 2, 3, 4) have been examined, corresponding to different
conduction mechanisms for carrier conductive behavior of semiconductors: i) n = 1, the ‘hard
gap’ conductivity mode, it is often observed in systems which contain many-electron
excitation effect, usually there will be a hard gap in the DOS near Fermi level. ' ii) n =2, the
Efros and Shklovskii VRH mode, long-range electron-electron Coulomb interaction exists in
the system and the DOS vanishes quadratically at the Fermi level. ®? iii) n = 3, usually for 2D
systems ®. iv) n = 4, the Mott VRH model, for disordered systems without Coulomb

interaction, in this case the DOS is presumed to be a constant near the Fermi energy. %

1.6. High-pressure science

Pressure is a significant thermodynamic variable which could be used to determine
the basic state of matters. Under high pressure, the atomic arrangement, crystal structure or
electronic structure in a substance may show suddenly changes in the physical properties of
the substance, such as the transformation of an insulator into a metal, significant changes in
resistance, electrical or magnetic properties and volume. Also, materials could transport from
one state to another, for example, graphite could turn into beautiful diamond. Thereby, the
investigation of high-pressure science could not only help us better understand the natural

substances in the world around us, but can also help men create entirely new matters.

1.6.1. History of high-pressure science

Although high pressure has been routinely utilized by nature for billions of years in
the creation and maintenance of the Earth’s mantle, it was only at the end of the last century
that mankind began to systematically study the phenomenon of high pressure. The father of
modern high-pressure technology, American physicist Percy Willams Bridgman played a
pivotal role in the history of high-pressure development. He developed techniques to reach
pressures up to 10 GPa in the early 20™ century, then exploited this technique to achieve a

wealth of research results in the areas of compressibility, thermal conductivity, electrical
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resistance, viscosity and polymorphic transitions of matters, which greatly advanced the
development of solid-state physics. He was also awarded the Nobel Prize for Physics in 1946
for his enormous contribution to the development of high-pressure science.

Based on his contribution, after the 1950s, different high-pressure devices such as
the Belt-type high pressure device, the hexahedral high-pressure device, the octahedral high-
pressure device, etc. have been improved continuously, the pressure limitation was also raised
from an initial 6 GPa to over 50 GPa as well. In 1959, Lawson et al. at the Chicago University
had successfully assembled the world’s hardest known diamond on the anvils and firstly
achieved the high-pressure limit of 100 GPa. In 1986, Xu and Mao et al. of the Geophysical
Laboratory of the Carnegie Institute, USA, produced the highest static high-pressure limit to
date, 550 GPa. %

1.6.2. High-pressure in material science

High-pressure synthesis has a number of advantages in the field of material
synthesis.

Firstly, the compression of the interatomic distances inside substances under high
pressure may lead to a series of changes in structural and physical properties, even making it
possible to obtain meta stable substances which are difficult to gain at atmospheric pressure.
For example, the material HgBa>Ca>Cu3Os: 5, which almost unnaturally presents in nature,
possesses a high value of the superconducting transition temperature of around 164K; the
oxide LiOsO;3 %7, which undergoes a ferroelectric-like transition in metallic state, could be
synthesis only under high pressure as well.

Secondly, samples in the high-pressure synthesis system are well isolated from the
outside and can be approximated as an adiabatic system in which ions of anomalous oxidation
valence can be obtained by creating a high or low oxygen pressure environment, for example,
the pentavalent manganese ion is found in high-pressure synthetic oxide BisMn3011 %, which
is very rare in oxides.

Thirdly, materials available on an industrial scale can be obtained by means of high-
pressure synthesis. Very typical is the application of high-pressure synthesis in the obtain of
diamonds and cubic boron nitride (c-BN), which are the super abrasives of choice when

cutting and shaping hard metals and ceramics.
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Fourthly, the reaction rate is greatly increased under high pressure since the contact
between the raw powders is so tight that the atoms could diffuse very quickly. Solid state
reactions that normally take days or even weeks at atmospheric pressure can be completed in
a few minutes under high-pressure.

In summary, high-pressure synthesis plays an important and irreplaceable role in
exploring the synthesis of new materials and in understanding and modifying the properties

of existing materials.

1.7. Targets and structure of this thesis

The main motivation for the work in this thesis is the synthesis of new 5d transition
metal related oxides and the exploration of their possible exotic new properties. The whole
thesis is divided into six parts, the first part gives a brief overview of the crystal structures
and some physical properties relevant to my work, in the second part the instrumentations
and experimental methods used are described, the third to fifth chapters present new 5d
transition metal containing oxides synthesized under high-pressure and high-temperature
conditions and their crystal structures and physical properties. Of these, there are three main
topics included as below:

(i) Double Perovskites Cd2FeOsQO¢ with Large Exchange Bias and Cd:FeReQO¢
with High-Temperature Ferrimagnetic Ordering as well as Tunneling

Magnetoresistance

Double perovskite oxides (DPs) combing 3d and 4d/5d transition metal elements are
the frontier hot spot for materials research over the past few decades due to variety
outstanding properties had been reported for spintronics applications °72. Normally, DPs
have a general formula A2BB’Og¢, where A is alkaline or rare earth ion meanwhile B/B’ are
transition metal ions, however, in 2015, Li et al. found small transition metal cation could be
used as A-site occupant in DPs and excellent properties were discovered 7. Inspired by this
discovery, I tried to induce another transition metal element as the A-site occupant. I noticed
the Cd*" ions are slightly smaller in size than the widely used Ca?" ions (rca®” = 1.31 A; rca®”
=1.34 A), whereas, Cd*" ions obtain larger Pauling electronegativities (yca = 1.69; yca = 1.00),

which is possible to lead many exotic phenomena 7*, such as a covalency-driven structural
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evolution in the polar Cd-Nb-O pyrochlore system > and ferroelectric phase transition in
perovskite-type oxides CdTiOs . Consequently, Cd** was selected as the candidate and two
new DPs Cd2FeOsOg and Cd2FeReOg were obtained under high pressure high temperature
synthesis and their crystal structure, electronic and magnetic properties will be presented in

Chapter 3.

(ii) High-pressure synthesis and magnetic and electrical properties of Fe-doped

BizRe30O11 and BizOs3011

KSbOs-type structure is a forgotten family among the ABO3; compounds due to the
lack of interesting physical properties. Most of them just show no long-range magnetic
ordering down to low temperatures and in particular, 54 oxides do not show any special 5d
features, just exist weak temperature-dependent paramagnetism. In order to investigate the
possibility of enhancing the material properties, doping with 3d element-iron on two 5d
oxides were tried under high temperatures and pressures. BisRez13Feos7011 and
Bi30s245Fe0.55011, two Fe-doped 5d oxides were synthesized and their crystal structures,

physical properties will be discussed in detail in Chapter 4.

(iii) High-Pressure Synthesis and Ferrimagnetism of Perovskites MnVo.5Mo.503

(M=Nb,Ta)

ABOs-type perovskite oxides exhibit a rich variety of interesting phenomena, usually,
the non-magnetic alkaline or rare earth ion will be used to occupy 4-sites but it was found
that filling of the A-sites with magnetic transition metal cations is possible under high-
pressure conditions. Recent studies on unusual “A-site manganite’” opened great
opportunities for stabilizing unusual physical properties such as multiferroism in CaMnTi20¢
7" and high-T¢ ferrimagnetism in Mn2FeReOs 8. Meanwhile, based on Hill’s assumption 7,
the @’ configuration may contribute to the induction of ferroelectricity, such as the well-
known BaTiOs %. Taking the above into account, the introduction of @’ configuration into the
A-site manganite is very promising for the exploration of multiferroic formation. Thus, I
attempted to insert @’ ions Nb>" and Ta>" into the original 4-site manganite MnVOj3 and two
new perovskites MnV( sNbo O3 and MnVys5Tao 503 have been synthesized at high-pressure
and high-temperature conditions. In Chapter 5, their synthesis, crystal structure, magnetic

and electronic behaviors will be illustrated.
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Finally, in Chapter 6, I will offer a summary of the present work and the prospects

for subsequent research.
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Chapter 2. Experimental methods

As mentioned in last chapter, pressure is an essential variable in materials science and
the high-pressure method allows for the efficient synthesis of materials and facilitates the
formation of ordered crystal structures. Hence, high-pressure synthesis methods and two
different high-pressure apparatus: Belt-type and Multi-Anvil-type high-pressure machines
were used in this thesis. Crystal structures, magnetic and electrical transport properties as well
as some other physical properties were investigated using some basic physical property
measurement devices such as X-ray diffraction (XRD), magnetic property measurement

system (MPMS 3), and physical property measurement system (PPMS).

2.1. Sample preparation

In this thesis, all samples were prepared according to the following steps: i) Dry the
chemicals used as raw materials in the experiments at 120 °C for few hours, i1) stoichiometric
amounts of powder were weighted and mixed using a mortar in an Ar-filled glove box, iii) fill
the Pt or Au capsule with the mixed powders, compact the powders and finally seal the capsule.
After completing the above processes, the samples will be inserted to the pyrophyllite cell to
produce a quasihydrostatic condition under the pressure caused by the high-pressure apparatus.
Different high-pressure machines correspond to different sample assemble methods, which I

will describe in detail in the following section.

2.2. High-pressure synthesis apparatus

In my work, two different types of instruments were used, involving the Belt-type

machine and Multi-Anvil-type high-pressure machine. I will then describe them in detail.

2.2.1. Belt-type high pressure apparatus (Kobe Steel, Ltd.)

The Belt-type high-pressure machine could reach static pressures up to 6 GPa, an
electrical heating system is concluded in the machine and the max temperature it can reach is

around 2000°C. Simultaneous high temperature heating processes at constant pressure can be
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achieved in this equipment. Figure 2.1 shows the photograph, operating schematic and sample
assembly diagram of the Belt-type high-pressure apparatus !. As shown on the left, the
temperature control section and the pressure control section are independent from each other
and can work in synergy to achieve simultaneous high temperature and high-pressure
conditions. In the middle is the diagram of its working mechanism, the main part of the
apparatus consists of a fixed cylinder and two anvils that could be moved up and down freely.
During the experiment, the upper and lower anvils are compressed against each other together
to obtain the target pressure. On the right is an illustration of the sample assembly, a
pyrophyllite cell is used as the pressure transmitting medium and electrical as well as thermal
insulation. The above-mentioned samples which are sealed in the Au/Pt capsules are placed in
this cell, wrapped with the mixture of NaCl and ZrO;. During the experiments, the target

temperature was achieved by heating the flake graphite with an electric current.
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Figure 2.1 The photograph, operating schematic and sample assembly diagram of the Belt-
type high-pressure apparatus at National Institute for Materials Science (NIMS) !

2.2.2. Multi-Anvil-type high-pressure apparatus (CTF-MA1500P, C&T Factory Co., Ltd,
Japan)

Besides the Belt-type high-pressure machine, another Multi-Anvil-type apparatus is
also utilized in my work to obtain part of samples. This machine could offer a high pressure up
to 6 GPa and high temperatures up to 1800 °C. Unlike the above-mentioned Belt-type apparatus,
the Multi-Anvil machine contains six anvils and establishes a cubic compression space.

Therefore, the pyrophyllite cell used corresponding to this machine is cubic. Figure 2.2 gives
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a schematic of the assembly of the sample and a photograph of the Multi-Anvil-type high-
pressure machine. Another significant difference between them is that, in Multi-Anvil-type
machine, a thermal couple could be inserted in the cell thus the temperature could be controlled
accurately in this situation. Except the shape of the pyrophyllite cell and the anvils as well as
the addition of the thermal couple, the basic procedure and mechanism of the Multi-Anvil-type

high-pressure machine are almost the same as the Belt-type apparatus.
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Figure 2.2 A schematic of the assembly of the sample and a photograph of the Multi-Anvil-
type high-pressure machine in NIMS.

2.3. Structural characterization methods

The structure of a substance largely determines and influences the properties of the
substance, the structural study is therefore particularly important. The X-ray diffraction (XRD)
measurement is a very effective method for studying structural information of materials 2. In
this thesis, two main XRD methods were applied and the details will be illustrated in the

following sections.

2.3.1. Laboratory powder X-ray diffraction
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The laboratory powder X-ray diffraction (XRD) is convenient to be utilized to
preliminarily identify the phase and structure of unknown materials. In this work, room
temperature XRD data collection was performed using a Desktop X-ray Diffractometer
MiniFlex (Rigaku) (Figure 2.4), which equipped with a graphite monochromator and Cu Ka
radiation (1 = 1.5418 A). In the measurements, the increment is 0.2° and the scanning range is

5°<26<120° with a scanning rate of 1°/min.

Figure 2.4 The photo of the X-ray Diffractometer MiniFlex (Rigaku)

2.3.2. Synchrotron X-ray diffraction

In general, conventional laboratory X-rays are produced by electrons which are
accelerated by high voltage, these accelerated high-energy electrons then bombard metal
targets (such as Cu, Mo, etc.) and generate characteristic radiation which could be used for
structural characterization. It is formed by the jump of electrons from the high energy level
outer shell to the low energy level inner shell within the atom and therefore the characterization
energy is definite and fixed. For example, by bombarding a copper target with high energy X-
rays, multiple characteristic X-ray wavelengths will be produced, and the main X-rays I use
are Ka; 1.54056 A and Kq> 1.54439 A produced by electrons jumping from L layer to X layer.

Different from the traditional laboratory X-ray generation mechanism, the principle
of synchrotron radiation is that, when electrons moving curved with a rate close to the speed

of light in a magnetic field, electromagnetic waves will be radiated in the tangential direction.
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This phenomenon was first discovered by Pollack et al * in the General Electric 70-Mev
synchrotron in 1947 and then it was named “synchrotron radiation”.

Since the 1960s, the synchrotron radiation had undergone three technical update
iterations: from the 1970s, the synchrotron radiation was generated from the synchrotron,
known as the first-generation synchrotron radiation source; from the 1980s, people began to
develop accelerators which could help electrons make more curved motions in the magnetic
field by setting some inserts on the path of electron acceleration, therefore the stronger
electromagnetic waves could be generated, this is the second-generation synchrotron radiation
source. After the 1990s, more inserts were added into the electron motion path, dramatically
increased (nearly 1000 times) the intensity of the synchrotron radiation, known as the third
generation of synchrotron radiation, represented by Spring 8, Japan. The fourth-generation
synchrotron radiation will be developed toward the following directions: new laser source with
ultra-high brightness and phase coherence; energy recover linear accelerator; synchrotron
storage ring, the targets are to achieve stronger light intensity and the coherence of the light
source.

In a word, compared with the laboratory powder X-ray diffraction, synchrotron X-
ray could provide higher resolution since the synchrotron X-ray is emitted when charged
particles such as electrons are accelerated and circulated in ultra-high vacuum tubes or storage
rings, as briefly sketched in Figure 2.5 2. Thereby, the synchrotron X-ray beams are extremely

parallel and the obtained intensity is extraordinarily high.

__—— Synchrotron

radiation
\\
\\53:
Injection Storage
of electrons ring
-
Bending
magnet

Figure 2.5 A briefly diagram of a synchrotron storage ring. *

In my work, high-resolution synchrotron XRD data were obtained at room
temperature using monochromatized beams at beamline BL02B2 (Figure 2.6) at SPring-8§,

Japan. *° Prior to the measurements, a benchmark test was performed using a standard (CeO2)
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to confirm the wavelength. The powders were placed in Lindenmann glass capillaries (0.1 mm
inner diameter) and rotated during measurements. The RIETAN-VENUS program was used to

analyze the synchrotron XRD patterns. &7

M i |
Figure 2.6 A picture of the BLO2B2 beamline in Spring-8.

2.3.3. Rietveld method

In the structural analysis of materials, a big challenge is the difficulty of obtaining
single crystals with large size. In fact, it is more common for researchers to obtain
polycrystalline materials. However, in polycrystalline samples a lot of information may be
missed due to the random orientation of grains and the overlap between individual diffraction
peaks. In order to solve this problem, in 1967, the Dutch scientist Hugo. M. Rietveld first
proposed a method to refine the crystal structure by fitting the entire neutron powder diffraction
pattern, such as the peak position, intensity, line shape and so on, which became known as the
“Rietveld method” after that ®. In 1977, Malmros and Thomas first extended this method in the
region of powder X-ray diffraction refinement °. The basic idea of the Rietveld method is to
calculate a theoretical polycrystalline diffraction spectrum from an initial crystal structure
model using a series of crystal structure parameters, then compare this theoretical fitted
spectrum with the experimentally measured diffraction spectrum point by point through a
computer program as well as adjust various parameters (including 1: crystal structure

parameters: lattice constants, atomic occupancy ratios, thermal factors; 2: diffraction peak
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shape parameters: shape function, peak asymmetry parameters, peak half-height width, etc; 3:
experimental conditions: X-ray wavelength, zero point, background and so on; 4: other
parameters: grain size, orientation, microscopic stress and so on) using the least squares
method continuously to optimize the model and finally obtain a calculated peak shape which
could match the experimental results well.

The determination of the crystal structure from the powder polycrystalline X-ray
diffraction spectra is usually carried out as following steps: first, to obtain a high quality
powder polycrystalline X-ray diffraction spectrum; second, to index the main peak positions
and then confirm the space group and lattice constants; third, to choose a known model which
is similar to the undetermined compound as the prototype and then use the Rietveld-method to
optimize the calculated spectrum and obtain the exact crystal structure parameters. The
optimization process is roughly in the following order: first, the zero-point shift should be
adjusted, then the background, later the cell parameters and the scale factor are corrected.
Second, optimize the peak shape function, Gaussian peak shape function and half-height width
parameters U, V, W as well as the peak shape asymmetry parameters. Finally, modify the

atomic positions, occupancy factors, thermal factors and so on.

2.3.4. Rietveld program: RIETAN

With the enhanced improvements in XRD refinement technology, various types of
advanced XRD refinement software have been developed, such as GSAS, FULLPROF,
TOPAS, EXPO, RIETAN and so on. In this work, I use the RIETAN program to realize the
crystal structure refinement.

Compared with the traditional Rietveld refinement method, RIETAN has achieved a
significant breakthrough, that is, RIETAN offers a state-of-the-art structure refinement
technique: the Maximum entropy method-based Pattern Fitting (MPF) to replace the classical
Rietveld method. The advantage is that the whole pattern fitting and Maximum entropy method
analysis were repeated alternately in an iterative process called REMEDY cycles. In this
process, the structural model could always cause a minimal deviation from the final
electron/nucleus density.

Usually, four confidence factors can be defined to evaluate the credibility of the

refinement results: the diffraction pattern R factor Rp, the diffraction weight pattern R factor
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Rwp, the Bragg factor Rg and goodness-of-fit indicator x*. In general, the agreement between
the fitted and experimental spectra is reflected in Rp and Rwp, the agreement between the
calculated and measured diffraction peaks is reflected in Rg. The smaller the R values, the better
the fit and the greater probability that the resolved crystal structure is correct. It is generally
accepted that both Rp and Rwp are lower than 10% and x* exceeds 90%. In RIETAN program,
such reliable indices were also defined to judge the agreement between experimental results
and theoretical calculated intensities. The definitions of these R values are illustrated in detail

by Izumi and Momma &7

2.4. Magnetic property measurement

The temperature dependence of the direct current (DC) and alternating current (AC)
magnetic susceptibilities could be measured using a magnetometer (MPMS3, Quantum Design
Inc, San Diego, California, as shown in Figure 2.7) at temperatures between 2 K and 600 K
under zero-field cooling (ZFC) and magnetic field cooling (FC) conditions. Isothermal

magnetization curves could be measured between the -70 to 70 kOe field range.

Figure 2.7 Photo of MPMS3 in NIMS Namiki-site.

38



2.5. Electrical property measurement

Electrical-transport properties could be recorded using a four-probe method between 2
K and 400 K in magnetic fields up to 90 kOe using a physical property measurement system
(PPMS, Quantum Design), as shown in Figure 2.8. During the measurements, silver paste and
gold wires (30um in diameter) were used to connect the pellets and the device terminals. The
magnetoresistance (MR) which can be defined as MR(H) = 100x[R(H)—R(0)]/R(0) could be
also measured in PPMS by adding an applied magnetic field with a range of -90 kOe to 90 kOe

as well.

Figure 2.8 Photo of the PPMS-9T in NIMS Namiki-site.

2.6. Thermal property measurement

The specific heat (Cp), which can provide some information such as phase transition
point, could be measured by the relaxation method between 2 and 400 K in magnetic fields up
to 90 kOe, using PPMS as well. During the measurements, a dense pellet of the sample needs
to be assembled on an aluminum plate using grease (N Apiezon) to ensure a good thermal

contact.
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2.7. Other technologies used in this work

2.7.1. Electron probe microanalysis (EPMA)

The electron probe microanalysis is an analytical tool which is very useful for the non-
destructive determination of the chemical composition of small quantities of solid materials.
Its working principle is very similar with the scanning electron microscopy, that is, the sample
is bombarded with an electron beam then characteristic X-rays of the undetermined elements
will be emitted. Then the elements contained in the sample could be defined by analysis of
these characteristic X-rays. Another advantage is that, this technique requires only a very small
amount of sample (typically 10~30 cubic microns or less) to determine the abundance elements
present in the sample.

To determine the exact metal composition of the high-pressure products, electron probe
microanalysis (EPMA) was performed using a JEOL JXA-8500F instrument, as shown in

Figure 2.9 ', The sintered surfaces were precisely polished with a 0.3um alumina-coated film.

Figure 2.9. EPMA, JEOL JXA-8500F instrument in NIMS. °
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2.7.2. Mossbauer spectroscopy

Mossbauer spectroscopy is a technique widely used in fields of physics, metallurgy,
mineralogy, biology, material science and so on to examine the valence state of iron, such as
Fe?, Fe?" and Fe*', and the type of coordination polyhedron occupied by iron atoms, such as
trigonal, tetrahedral and so on.

Essentially, Mossbauer spectroscopy is based on the recoilless emission and the
resonant absorption of gamma radiation by atomic nuclei. Two nuclei are needed to observe
the Mossbauer effect. The source nucleus is used to emit y photon and the absorber is used to
absorb y photon. During this process, since the nuclei are usually surrounded by the atomic
electron clouds, the Coulomb interactions between the electron clouds and the proton charge
distribution within the nucleus may result a shift or split of the nuclear levels, by analyzing

these shifts and splits, the determination of the electronic states is possible to realize. !
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Chapter 3 High-pressure synthesis and magnetic and electrical
properties of Double Perovskite Oxides Cd:FeOsQO¢ and
Cd:2FeReOg

3.1. Achieving large exchange bias effect in Cd2FeOsQO¢ with small cooling
fields

3.1.1. Introduction

With the advent of the information age, research on data access is driving global
technological innovation. In magnetic recording devices, the EB effect plays a crucial role in
accurately determining the state of the readout head in hard disk drives. The EB effect typically
occurs at the interface between two or more layers of a magnetic material after cooling in a
high cooling field (Hcool) (typically tens of kOe ') . However, achieving high-quality
interfaces with optimal performance poses technical challenges >, and further advancements
are hindered by the requirement for high cooling fields (Hcoo1). Therefore, there is a pressing
need for the development of new material systems that exhibit huge EB effects with smaller
Hcool values.

Recently, the giant EB effect has been observed in the Mn-Pt-Ga system ’. This effect
arises from the presence of ferromagnetic (FM) clusters embedded in a nearly compensated
ferrimagnetic (FIM) host. The Mn-Pt-Ga system exhibits a remarkable giant EB effect of 30
kOe when cooled in a magnetic field of 100 kOe. However, the high Hcoo required for this
effect makes it unsuitable for practical applications. Consequently, there has been a search for
new materials that can exhibit large EB effects with small Hcoo1 values.

Subsequently, the EB effect was confirmed in quasi-2D perovskites and spin glass-
related systems . However, in most of these materials, only small EB fields of a few kOe were
observed at low temperatures, following a large field cooling process. In 2019, a significant
advancement was made with the discovery of a giant EB effect of 12 kOe in Mn35CoosN, a
material with a canted triangular magnetic structure 8. This effect was achieved with a small

Hcool of only 500 Oe and remained present up to temperatures of approximately 250 K. This



property represented the best performance at that time and served as a motivation for further
exploration of new bulk materials exhibiting large EB effects with small Hcool values at higher
temperatures °.

Inspired by these, I have investigated double perovskite (DP) materials with different
magnetic sublattices as promising candidates for achieving improved properties. In this study,
I synthesized a new DP compound, Cd,FeOsOg, with the objective of obtaining excellent EB
effects. My investigation revealed that this material exhibits FIM ordering and displays hard
magnetism below 285 K. Most notably, I discovered a significant EB effect intertwined with a
vertical magnetization shift (VMS), which has not been extensively explored previously.
Remarkably, a small cooling field of only 80 Oe induced a substantial bias field of 10 kOe.
Furthermore, I found that this phenomenon persists down to 260 K, approaching room
temperature. The underlying mechanism is likely related to magnetic interactions occurring
within the partially ordered host, which may be influenced by the strong spin-orbit coupling
(SOC) of Os. The observation of such a pronounced EB effect in Cd2FeOsOg opens up new

possibilities for the development of advanced EB-effect materials with enhanced properties.

3.1.2. Experimental

Polycrystalline Cd2FeOsOg was synthesized under high-pressure and high-temperature
conditions. To prepare Cd2FeOsOs, powders of CdO (99.99%, Togawa Chemical), Fe;Os
(99.998%, Alfa Aesar), OsO; (laboratory-made from Os, 99.95%, Nanjing Dongrui Platinum
Co. Ltd.), and KCIO4 (99.5%, Kishida Chem) in a stoichiometric ratio were mixed and sealed
in a Pt capsule in an Ar-filled glove box. The capsule was then placed in a belt-type high-
pressure apparatus and heated to 1500 °C for 1 hour under a pressure of 6 GPa. After heating,
the capsule was rapidly cooled to room temperature, and the pressure was gradually released
over a period of 40 minutes. To remove KCl, the sample was repeatedly washed with distilled
water.

Synchrotron XRD data were collected at a wide temperature range (100-800 K) using
a large Debye-Scherrer camera at beamline BL02B2 at SPring-8 °!°. Before the measurement,
benchmark tests were performed using a standard material (CeO») to determine the actual
wavelength. The sample was put into a Lindemann glass capillary (inner diameter: 0.1mm) and
rotated during the measurement. The RIETAN-VENUS program '!!? was used for the analysis
of the synchrotron XRD patterns.
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The temperature dependence of the DC magnetization in the range of 2-390 K under an
applied magnetic field of 10 kOe and conditions of zero-field cooling (ZFC) and field cooling
(FC) were measured using a magnetic property measurement system (MPMS3, Quantum
Design Inc, San Diego, California). Isothermal magnetization curves were collected in the
magnetic field range of -70 to 70 kOe. The magnetic transport properties were recorded by a
four-probe method between 2 K and 400 K under magnetic fields up to 90 kOe using a physical
property measurement system (PPMS, Quantum Design). The specific heat capacity (Cp)
measurements were obtained by a relaxation method using the commercial calorimeter option
of the PPMS.

The zero-field ’Fe Mdssbauer spectrum was measured at room temperature (287 K)
using a Wissel MVT-1000 Mdssbauer spectrometer, with a >’Co/Rh source in transmission
mode. The sample was uniformly dispersed with a-Al>O3 and enclosed in a small acrylic
container to form a thin layer. The Mdssbauer spectrum was calibrated at room temperature
using a-Fe and analyzed using the MossA software package '°.

To determine the precise metal composition of the DP oxide, electron probe
microanalysis (EPMA) was performed using a JEOL JXA-8500F instrument. The surface was

polished with a 0.3 pum alumina-coated film.

3.1.3. Results and discussion

The crystal structure of CdxFeOsOs was investigated using synchrotron XRD
techniques. The analysis revealed that the structure can be described by the space group P21/n,
which is consistent with previous reports on B-site-ordered DP oxides. While a small amount
of Os metal impurity (approximately 2.4 wt%) was detected instead of the expected Cd-Fe-O
impurity identified by EPMA (see Supporting Information), the majority of the sample was
confirmed to be a pure DP oxide.

The refined XRD pattern, presented in Figure 3.1., provided detailed insights into the
crystal structure of Cd2FeOsOs. In addition, in-situ synchrotron XRD measurements were
performed in the temperature range of 100 K to 800 K to investigate potential structural
transitions. The obtained results, shown in Figure 3.2., revealed the absence of significant
transitions within the measured temperature range. These findings highlight the structural
stability of Cd2FeOsOg over a wide temperature range, which further supports its potential for
diverse applications in various fields.
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Figure 3.1: Refined synchrotron XRD pattern of Cd2FeOsOg with Os at room temperature
(296-300 K). The panel presents the observed pattern (circles) and calculated pattern (solid
lines), along with the difference profile at the bottom. The first array of short vertical bars
represents the calculated positions of diffraction peaks based on the DP structural model. The

second row shows the calculated positions of diffraction peaks based on impurities.
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Figure 3.2. Synchrotron XRD patterns of CdoFeOsOg at different temperatures from 100 K to
800 K.
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Through preliminary Rietveld refinements, it was found that Cd atoms fully occupy the
4e(x, v, z) Wyckoff position. In the space group P21/n, there exist two independent Fe and Os
sites. The degree of B-site ordering can range from 0% (completely disordered) to 100%
(ordered rock salt type) depending on the synthesis conditions. Therefore, assuming random
mixing of Fe and Os at each position, a constraint was imposed that occupancy(Fe) +
occupancy(Os) = 1 at separate sites for the Fe and Os atoms. Based on EPMA measurements
as shown in Figure 3.3 and Table 3.1, and 3.2, the Fe to Os ratio was found to be close to 1:1.
Therefore, in further refinement, additional constraints were added such that occupancy(Fel)
+ occupancy(Fe2) =1 and occupancy(Os1) + occupancy(Os2) = 1. The final result showed that
Fe and Os atoms were partially ordered, with approximately 30% ordering in the oxide.
Meanwhile, the oxygen atoms O1, O2, and O3 are located at independent 4e(x, y, z) sites, and
their atomic displacement parameters were constrained to be equal. Table 3.3 summarizes the

crystallographic parameters obtained from this analysis.

Figure 3.3. a) Scanning electron microscopy image at room temperature. b) Points selected for
EPMA analysis: 1-1, 1-2, 1-3, 1-4, and 1-5 are located in the light grey region, while 2-1, 2-2,
2-3, 2-4, and 2-5 are located in the dark grey region.

Table 3.1 EPMA analysis results for selected points in the light grey region.

Points Cd[at.%] Fe[at.%] Os[at.%] O [at.%]
1-1 10.8 4.6 4.9 79.7
1-2 10.8 4.5 4.9 79.8
1-3 10.7 4.6 4.9 79.8
1-4 10.5 4.6 4.6 80.3
1-5 10.4 4.6 4.7 80.3
Average 10.6 4.6 4.8 80.0
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Table 3.2 EPMA analysis results for selected points in the dark grey region.

Points Cd[at.%] Fe [at.%] Os [at.%] O [at.%]
2-1 8.6 15.1 0.1 76.1
2-2 8.6 15.3 0.1 76.1
2-3 8.6 15.3 0.1 76.0
2-4 8.6 15.2 0.1 76.1
2-5 8.4 15.1 0.1 76.5
Average 8.6 15.2 0.1 76.2

Table 3.3 Lattice Parameters of CdFeOsOs at Room Temperature Obtained Using

Synchrotron XRD.

Atom Wyckoff X y z B (A%
Cd 4e 1 0.9914(4)  0.0420(1) 0.2488(4) 0.884(23)
Fel/Osl 2d 0.648/0.352(4) 0.5 0 0.0 0.146(27)
Os2/Fe2 2c 0.648/0.352 0.5 0 0.5 0.146(40)
01 4e 1 0.0936(11) 0.4656(13) 0.247(3) 0.18(10)
02 4e 1 0.688(3) 0.301(3) 0.047(4) 0.18

O3 4e 1 0.204(3) 0.202(3) 0.946(4) 0.18

Note. The space group was P21/n (no. 14) at origin choice 2, Z = 2, and g was the occupation
factor. In the oxide, a = 5.35288(2) A, b = 5.44245(2) A, c = 7.68542(3) A, =90.0133(15) °
and V'=223.898(1) A%. R Indices were Rwp =2.476%, Ry = 1.746%, Rg = 3.497%, Rr = 3.062%

and y* = 4.

Figure 3.4 Crystal structure of Cd2FeOsOg, depicting OsOg and FeOgs octahedra as blue and

gray structures, respectively, while Cd and O atoms are represented by orange and red solid

spheres.
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Figure 3.4 shows the crystal model of CdoFeOsOs, where the Fe and Os ions alternate in
a manner similar to an intertwined backgammon board, exhibiting the same characteristics as
the rock salt-ordered type DP oxide. The Fel/Osl-centered octahedra are predominantly
occupied by Fe, whereas for the Os2/Fe2-centered position, Os is more prevalent. Table 3.4
displays the mean interatomic distances, bond valence sums (BVS), and selected bond angles
at room temperature. The corresponding Fe-BVS for Cd2FeOsOg is approximately 3.16,
suggesting that the Fe is in a trivalent state. The average Fe-O bond length for Cd2FeOsOg is
approximately 1.997 A, which is nearly equivalent to Ca;FeOsOs (2.005 A) ', Therefore, it is
reasonable to assume that the Fe’" in Cd2FeOsOg is in a high-spin state, similar to Fe*" in
CaxFeOsOs. The average Os-O bond length is approximately 1.983 A, which is similar to the
Os>"-O bond lengths observed in other DP oxides, such as Sr2FeOsOs (1.961 A) ' and
Sr2In0sOs (1.968 A) 6. However, the calculated BVS of Os was also considerably lower than
the expected value of 5.00, with a value of 4.40. The underestimation seems to be common in
perovskite-based Os oxides stabilized by high-pressure methods '*!”. Moreover, the Fe-O-Os
bond angles are 148.9°, 147.1°, and 147.9°. These angles deviate significantly from 180°,
indicating a strong distortion in the octahedral bonding, as evident from the structural depiction

in Figure 3.4.

Table 3.4 Selected Bond Lengths, Angles, and Bond Valence Sums (BVS) of Cd2FeOsOs at

Room Temperature.

CdyFeOsO0s Bond Lengths (A) or Angles (°) or BVS
Fel-0O1 (x2) 1.97(3)
Fel-02 (x2) 2.023(15)
Fel-03 (x2) 1.997(15)
BVS (Fel) 3.16
0s2-01 (x2) 2.02(3)
0s2-02 (x2) 1.956(15)
0s2-03 (x2) 1.974(15)
BVS (Os) 4.40
Fel-01-0s2 148.9(4)
Fel-02-0s2 147.1(12)
Fel-03-0s2 147.9(13)
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) BVS = YN, v;, vi= exp[(Ro—1;)/B], where N is the coordination number, B = 0.37. The
values of Ry are as follows: Ro(Fe**) = 1.759 18, Ro(Os>") = 1.868 V7.

Figure 3.5 presents the °’Fe Mdssbauer spectra of Cd2FeOsOg measured at 287 K. The
STFe Méssbauer spectrum of Cd2FeOsOg exhibits a typical quadrupole doublet and the isomer
shift (IS) value is 0.416 mm/s, which is within the expected range for Fe*" (t2¢’e,> configuration)
1920 Therefore, the valence state of Fe is confirmed to be 3+, which is consistent with the
results of the BVS analysis. The fitting parameters for Mdssbauer spectroscopy are 1S = 0.416(5)
mm/s, QS =0.553(8) mm/s, and FWHM = 0.57 (1) mm/s, where IS, QS, and FWHM represent

the isomer shift, quadrupole splitting parameter and line width, respectively.
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Figure 3.5. Mdssbauer spectra measured at 287 K. The solid-colored curves represent the

fitting results, while the small markers indicate the transmission profile.

Magnetic properties: Figure 3.6a demonstrates the thermal dependence of the
magnetization of Cd,FeOsO¢ under a magnetic field of 10 kOe. The plot clearly shows a
significant increase in magnetization around 300 K, indicating the onset of long-range magnetic
order. To further investigate this transition, isothermal magnetization curves were measured
from 5 to 350 K after zero-field cooling, as depicted in Figure 3.6b. At 350 K, the M(H) curve
appears nearly linear with no hysteresis, indicating a paramagnetic state for CdoFeOsOs. Below
300 K, the magnetization exhibits FM-like behaviour with some hysteresis. However, even at
5 K and 70 kOe, the magnetization does not saturate, and the observed magnetic moment of
approximately 0.16 pg/f.u. is significantly lower than the expected value of 8 ug/f.u. for fully
ferromagnetically aligned Fe*" and Os®>* ions. This discrepancy suggests the presence of FIM

order, which yields a more reasonable saturated magnetic moment of 2 pg/f.u. Nevertheless,
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the observed value (<0.3 pg/fu.) is still lower than the theoretical prediction (2 pg/f.u.). This
difference can be attributed to the strong SOC of Os and the hybridization of O-2p and Os-5d
orbitals, which leads to a reduction in the local magnetic moment to some extent '4.
Additionally, disorder at the B site is believed to decrease the net magnetization by inducing

numerous AFM interactions between Fe’" ions, as observed in Fe-based DP oxides 2!
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Figure 3.6: Magnetic properties of Cd2FeOsOe. (a) Temperature dependence of the magnetic

susceptibility (y) measured at a magnetic field of 10 kOe. (b) Isothermal magnetization curves

measured at temperatures ranging from 5 K to 350 K.

At T=5K, large coercive forces of up to 20 kOe were observed, with the most notable feature
being the shift of the magnetization versus magnetic field (M-H) curve along the magnetic field
axis after cooling the sample in a Hcool. This suggests the possible presence of an EB effect in
Cd2FeOsOs, similar to some FIM materials !°. To confirm the presence of EB behaviour, a
series of M-H curves were obtained at various Hcool values and different temperatures. Figure

3.7 represents a typical curve, illustrating a significant EB effect and a VMS. Cooling the
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sample under a magnetic field of 70 kOe at 5 K resulted in a shift of the M-H curve towards
the negative field direction, accompanied by an upward deflection of the hysteresis loop.
Conversely, cooling at -70 kOe caused a shift in the positive field direction and distortion of
the curve shape. Notably, even cooling fields as low as 150 Oe resulted in a significant shift of
the hysteresis loop, as observed in the graph. The coercive field (Hc) and EB field (Hes) were
estimated from the M-H curve using the equations H, = |H; — H,|/2 and Hgg = |H; + H,|/
2, respectively, where H and H> correspond to the lower and upper fields of the magnetization
zero point 22, The vertical magnetization shift (Msnir) was calculated as Mgy =

M, + M_|/2, where M: and M. are magnetizations at /=0 %.
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Figure 3.7. Selected magnetization versus magnetic field (M-H) loops obtained using the zero-

field cooling (ZFC) and field cooling (FC) modes.

The influence of the applied cooling field on the EB and VMS effects was investigated.
Figure 3.8a shown the full magnetization loops under different applied cooling fields at 5K, it
is obviously both EB and VMS effects may enlarge as the applied cooling field increases.
Figure 3.8b summarises the detailed values of the distortions to facilitate further in-depth
analysis, it is clearly that an increase in Mhirt Was consistently accompanied by an improvement
in Heg. Notably, a weak applied field of only 80 Oe was sufficient to induce large EB effects
up to 10 kOe, while a cooling field of 150 Oe resulted in significant EB effects exceeding 11
kOe. The temperature dependence of these effects under different cooling fields (both 70 kOe
and 150 Oe) are shown in Figure 3.9. Panel a and b are the full set of cooling-field-dependent
hysteresis under 70 kOe and 150 Oe, while the details are depicted in Figure 3.9¢. Both Hc
and Hgs decreased with increasing temperature, but the EB effects persisted up to

approximately 260 K.
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Figure 3.8: (a) Hysteresis loops under Heoot = 5, 10, 20, 30, 60, 80, 110, 150, 250, 500, 1k,
2k, 4k, 6k, 15k, 30k, 50k, and 70k Oe at 5 K. (b) shows the isothermal dependence of Msnin
(top) and Heg (bottom) on the cooling field.
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Figure 3.9 Temperature dependence magnetic loops under a cooling field of (a) 150 Oe and
(b) 70 kOe at 5, 10, 50, 100, 200, 220, 240, 250, 260 and 300 K, respectively. (c) illustrates the
temperature dependence of the Hes of Cd2FeOsOg after cooling with A =70 kOe and H = 150

54



60 -40 20 0 20 40 60

H (kOe)

C

15+ linear fit, H,,,, 70 kOe o

linear fit, H,,, 150 0e "~
)
o
X
i
I

11 . . . v .

00 02 04 06 08 1.0

N -1/2
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Hgg values and the cycling index number N are fitted using the empirical power law.
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An important phenomenon to consider when studying materials with EB effects is the
training effect, where the Hgg tends to decrease with an increasing number of recycling cycles
(N) 8. Figure 3.10a and Figure 3.10b display the recycling hysteresis loops for N=1to 9 at 5
K under cooling fields of 70 kOe and 150 Oe. It is evident that there is a clear decrease in Hgg
between the first and second loops. However, from cycle 2 to cycle 9, the decreasing trend
gradually slows down. Figure 3.10c illustrates the decreasing trend of Hgg as a function of N,
following the empirical power law: Hgg — He% o 1/+/N (where H represents the limit for
an infinite loop). Linear fitting extrapolates Hgp to ~11.7 kOe for a Heoot 0f 70 kOe and ~11.8
kOe for a Heool of 150 Oe.

Conventional explanations of the EB effect in multilayer magnetic materials suggest
that the orientation of AFM spins is minimally influenced by an external magnetic field. The
interfacial spins of the FM layer are typically pinned by the strongly coupled AFM layer,
requiring additional energy to reverse the magnetization of the FM layer and shift the Néel
domain wall of the AFM layer *. In the case of Cd2FeOsOe, approximately 30% of the magnetic
sublattice exhibits AFM ordering. This ordered AFM framework serves as a fixed attachment
site for the FM spins within the layered material, while the remaining 70% of disordered
distribution creates a heterogeneous environment generating localized FM clusters.
Consequently, below the Curie temperature, the ordered AFM framework can spontaneously
influence the arrangement of FM clusters. Additionally, subject to the strong SOC of Os, the
rotation of magnetic moments is repressed, similar with the case of Ir in Y2NilrOg **, while a
new research suggested the strong SOC is believed to enhance the magnetic anisotropy at the
coupling interface 2*. This scenario elucidates why a small applied magnetic field is sufficient
to induce a significant EB effect.

Just before submitting this paper, I became aware of a related study on Y2NilrOg 2,
which also investigated the enhancement of the EB effect in DP materials. The study proposed
that SOC plays a significant role in the EB effect. However, there is a crucial distinction
between the material, Cd2FeOsOs, and Y2NilrOs. Cd2FeOsOg exhibits a degree of ordering of
30%, while Y2NilrOgs is near fully ordered. Additionally, I compared the findings to those of
CaxFeOsOg 4, which shares the same crystal structure as Y2NilrOg and has a similar degree of
ordering. Interestingly, no EB effect was reported in Ca2FeOsOs. These observations suggest
that the mechanism responsible for the EB effect in Y>NilrOs cannot be universally applied to
all DP materials. Therefore, I propose an alternative scenario to explain the EB properties of

Cd,FeOsOg. The observations indicate that SOC-mediated magnetic interactions between the
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substrate and the disordered localized region are likely involved in generating the EB effect in
Cd2FeOsOg.

It is worth highlighting that the EB effect in Cd2FeOsOg exhibits a notable distinction
from Y2NilrOs. While the EB effect in Y2NilrOg is only observed below 170 K, in Cd2FeOsOs¢
it persists up to 260 K, which is close to room temperature. This extended temperature range
is significant and holds great importance for practical applications. The ability to maintain the
EB effect at higher temperatures in Cd2FeOsOs opens up new avenues for manipulating and
controlling magnetic properties. It also shows promise for the design of data storage and
sensing devices that can operate effectively at or near room temperature, a highly desirable
characteristic. Consequently, Cd2FeOsOg provides valuable insights for advancing the field and
facilitating the development of novel technologies in these domains.

I conducted C, measurements for Cd2FeOsOg from 2 K up to 390 K while cooling. As
shown in Figure 3.11a, the curve was similarly smooth, but the characteristic peak, thought to
be due to a phase transition near room temperature, was unclear due to the noise. Therefore, |
applied a magnetic field in the high-temperature range and conducted a remeasurement. As
shown in the right inset, the peak broadened under the magnetic field, confirming that it was a
peak due to a magnetic transition, not noise. The magnetic transition temperature obtained from
the transition peak was around 285 K.

The low-temperature specific heat divided by temperature (Cy,/T) versus 7° data was
analysed using the approximate Debye model C,/T = ST%+y, where y is the electronic specific
heat coefficient, and fis a constant that relates to the Debye temperature dp (proportional to S
13), As illustrated in the left inset, the linear fitting gives y = 2.42(10)x10” J mol™! K and =
6.94(2)x10™* J mol! K*. This small y value corresponds to the semiconducting behaviour of
CdxFeOsOg, which will be further discussed below. The estimated 0p based on f1is determined
to be 303.6(3) K.

In addition, I investigated the electrical resistivity (p) of Cd2FeOsOg using crystalline
pellets shaped into rods. The transport characteristics were examined under various magnetic
fields. Figure 3.11b depicts the thermal evolution of p(7), which shows minimal influence
from the external magnetic field. The inset clearly indicates that the material exhibits electrical
semiconducting properties following Mott‘s variable range hopping behaviour, which is

similar to other osmium double-perovskite oxides, such as Ca2CoOsOg %°.
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Figure. 3.11: (a) Temperature dependence of C, for Cd2FeOsO¢ below 300 K. The left inset
shows a linear fit to the low-temperature part of Cp/T vs. T? and the right inset shows the
temperature dependence of C;, at high temperatures under zero magnetic field and a field of 70
kOe, (b) Temperature dependence of the p(7) of Cd2FeOsOs under different magnetic fields.
The inset shows the corresponding In(p) vs T*! and In(p) vs T-'"* curves of Cd2FeOsOs.

Cd*" ions are marginally smaller than Ca** ions (rca®” = 1.31 A; rca®* = 1.34 A), but they
have significantly higher electronegativity (yca = 1.69; yca = 1.00). This difference in
electronegativity between Cd*" and Ca®" ions, along with the strong covalent Cd-O bonding,
can lead to interesting phenomena in perovskite oxides containing Cd at the A site. For example,
CdTiOs, a perovskite oxide with Cd 2°, exhibits a ferroelectric phase transition, unlike its
counterpart CaTiOs. Additionally, polar structures have been observed in Cd-Nb-O pyrochlore-
type oxides due to the covalent Cd-O bonds 2’. Therefore, the combination of Cd at the A site

and unpaired spins at the B/B’ sites hold the potential for pioneering multiferroic properties.
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In this study, a new double perovskite oxide, Cd2FeOsOg, was successfully synthesized.
However, the compound crystallizes in the P21/n space group with centrosymmetric symmetry,
and no ferroelectric structural features were observed throughout the measured temperature
range (100 K - 800 K). In future studies, it is suggested to replace Os>* ions with d° ions such
as W and Ta>" to explore the possibility of discovering practical multiferroic materials. This
substitution could induce polarization in the crystal structure through the second order Jahn-

Teller effect 2%, potentially leading to the realization of desirable multiferroic properties.

3.2. Cd:FeReOs: a high-Tc double perovskite oxide with remarkable

tunneling magnetoresistance

3.2.1. Introduction

B-site-ordered double perovskite (DP) oxides 42BB’O¢ have been at the forefront of
research in recent years due to their extraordinary magnetic and electrical properties, such as
multiferroic behavior, half-metallic characteristics, and high Curie temperature (7c).>>! These
properties emerge from the interplay between the two ordered B and B’ sublattices. In particular,
DP oxides that combine 3d transition metals with 4d (or 5d) transition metals at B and B’ sites
have garnered significant attention as a frontier in material research for several decades, owing
to their excellent properties. For instance, Sr:FeMoOs exhibited a substantial

29 while SrCrOsOs demonstrated an

magnetoresistance (~10%) at room temperature,
extremely high Tc (~725 K) 252,

Among the DP oxides, 42FeReOg (4 = Ca, Sr, Pb, Ba) form an impressive family due
to their high Curie temperature (7c) and magnetoresistance effects may lead useful applications
in magnetic devices *. Systematic studies were carried out, revealing that the A-site ion
significantly affects both of these properties. For example, the 7c appears to be inversely
proportional to the ionic radius of the A-site ion, ** suggesting that Tc may further increase
with a reduced ionic radius. On the other hand, researchers have done some retrospective work
on the origin of the magnetoresistance and different perspectives have emerged. Kobayashi et

al. suggested the intergrain tunnelling process should be responsible for the magnetoresistance

while Gopalakrishnan et al. supposed the conductive ground state and notable
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magnetoresistance are strongly influenced by the size and covalency tendency of A-cation
inside the A,FeReOg serials >

The size of Cd>" ions is similar to that of Ca?" ions (rca®™ = 1.31 A; rca®™ = 1.34 A);
however, their Pauling electronegativity is significantly larger (yca = 1.69; yca = 1.00).
Consequently, Cd-O bonds may exhibit a strong covalent character, and it is expected that this

35

strong covalency may lead to various exotic phenomena °°, such as a covalency-driven

27 and ferroelectric phase

structural evolution in the polar Cd-Nb-O pyrochlore system
transition in perovskite-type oxides CdTiO3 2°. Therefore, with these considerations in mind, I
attempted to synthesize a novel compound, Cd>2FeReOg, with the following three objectives:
first, to pursue a higher 7c; second, to investigate the impact of the A-site ion on the
magnetoresistance effects; and third, to explore the potential for a polar ferrimagnet.

As a result, a new double perovskite Cd2FeReOgs was successfully achieved. Here, 1
report on the synthesis, crystal structure, and magnetic as well as electronic transport properties
of the new member of A2FeReOg family. In particular, it showed ferrimagnetic ordering at 460
K and exhibited soft magnetism, meanwhile its semiconducting behavior followed the Mott’s

variable-range-hopping (VRH) model and a tunnel magnetoresistance of -37% was involved

1n it.

3.2.2. Experimental

Polycrystalline CdFeReOgs was synthesized under high pressure and high temperature
conditions. Cd2FeReOs was prepared by mixing CdO (99.99%, Togawa Chemical), Fe;O3
(99.998%, Alfa Aesar), ReO; (laboratory made from 99.99% Re, Rare Metallic Co. Ltd.), and
Fe (99.99%, Rare Metallic Co. Ltd.) in stoichiometric ratio and sealing the mixture in a Pt
capsule. The capsule was then placed in a belt-type high-pressure apparatus and heated at
1400 °C under 6 GPa pressure for 1 hour. After heating, the capsule was quenched to room
temperature and the pressure was gradually released over 40 minutes.

Synchrotron XRD data were recorded during a large temperature range (100-800 K)
using a large Debye-Scherrer camera at beamline BL02B2 at SPring-8 **!°. two monochromatic
beams with wavelength of 0.420259 A and 0.420186 A were used for the measurements.
Before the measurements, a benchmark test was performed using a standard material (CeO>)

to determine the actual wavelength. A Lindemann glass capillary (inner diameter: 0.1mm) was
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used to collected the sample and it was rotated during the measurement. The RIETAN-VENUS

program 12

was used for the analysis of the synchrotron XRD pattern.

Magnetic susceptibilities of Cd2FeReOs were measured in the range of 2-570 K under
an applied magnetic field of 10 kOe and conditions of zero-field cooling (ZFC) and field
cooling (FC), using a magnetic property measurement system (MPMS3, Quantum Design Inc,
San Diego, California). Isothermal magnetization measurements were performed between -70
to 70 kOe at different temperatures. The magnetic transport properties were performed using a
four-probe method between 2 K and 400 K under magnetic fields up to 90 kOe using a physical
property measurement system (PPMS, Quantum Design). The specific heat capacity (Cp) data
were collected by a relaxation method using the commercial calorimeter option of the PPMS.

A zero-field >’Fe Mossbauer spectrum was measured at room temperature (287 K)
using a Wissel MVT-1000 Mdssbauer spectrometer, with a >’Co/Rh source in transmission
mode. The sample was uniformly dispersed with a-Al,O3 and enclosed in a small acrylic
container to form a thin layer. All Mdssbauer spectra were calibrated at room temperature using
o-Fe and analyzed using the MossA software package '°.

To verify the accurate composition of the high-pressure products, electron probe
microanalysis (EPMA) was performed using a JEOL JXA-8500F instrument. The sintered

surface was polished precisely with a 0.3 um alumina-coated film.

3.2.3. Results and discussion

The crystal structure of CdoFeReOs was analyzed by synchrotron XRD. The space group
P21/n could be used to fit the crystal structure successfully, similar with many B-site-ordered
DP oxides that have been reported previously. Although a trace impurity of ReO>
(approximately 1.2 wt%) was detected in the sample, the majority of the sample was found to
be pure DP oxide. The refined XRD pattern is displayed in Figure 4.12. The lattice constants
for Cd,FeReOg were determined to be a = 5.35718(1) A, b = 5.44670(2) A, ¢ = 7.69712(2) A,
and f = 90.0676(3) °.
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a=5.35718(H) A
b=5.446702) A
c=7.697122) A
B=90.0676(3) °
impurity: ReO, (1.2 wt%)

N
1

Intensity (10° counts)
o -

4

1
—

10 20 30 40
20 degree)
Figure 3.12. The refined synchrotron XRD pattern of Cd,FeReOs with ReO, at room
temperature (296-300 K). The observed pattern (circles), calculated pattern (solid lines), as
well as a difference profile are shown in the panel. The vertical bars show possible Bragg

reflection positions for Cd2FeReOs (the first row) as well as impurity (the second row).

During the preliminary Rietveld refinement, it was observed that Cd atoms completely
occupy the 4e(x, y, z) Wyckoff position. The P21/n structure model provided two independent
Fe and Re sites, with the degree of B-site ordering varying depending on the synthesis
conditions, ranging from 0% (completely disordered) to 100% (ordered rock-salt type). In the
refinement process, I assumed that Fe and Re are randomly mixed at each individual position
and imposed the constraint Occupancy(Fe) + Occupancy(Re) = 1 on the separate Fe and Re
sites. The EPMA measurements further revealed that the Fe and Re ratio was close to 1:1 [Cd:
Fe: Re: O=17.0(4): 9.0(2): 8.7(1): 65.3(5) over 5 point average in at.%]. Therefore, to account
for this observation, I added the constraints occupancy(Fel) + occupancy(Fe2) = 1 and
occupancy(Rel) + occupancy(Re2) = 1 in the refinement. The final results from the refinement
indicate that Fe and Re atoms are partially ordered, with approximately 70% ordering.
Additionally, the oxygen atoms O1, O2, and O3 are all located at independent 4e(x, y, z) sites.
Detailed information regarding the structure refinement can be found in Table 3.5, while Table

3.6 summarizes the reliable indexes and crystallographic parameters in detail.

Table 3.5 Crystallographic Parameters and structure refinement details of CdFeReOg at 296
K
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Source Synchrotron

Chemical formula Cd,FeReOs
Formular weight g/mol 562.870
Pressure Ambient pressure
Wavelength (A) 0.420259
Space group (No.) P21/n (no.14)
a(A) 5.35718 (1)
b (A) 5.44670 (2)
c(A) 7.69712 (2)
a(°) 90

B (°) 90.0676 (3)
v () 90

V (AY 224.594 (1)
Z 2

d-space range (deg) 2~40

v 4.0636

Rp (%) 1.685

Rywp (%) 2.387

Table 3.6 Structure parameters of CdxFeReOg at 296 K, which were analyzed using

synchrotron XRD.

Atom Wyckoff g X y z B( Az)
cd 4e 1 0.9919(3)  0.0411(1) 0.2505(2)  0.811(19)
Fel/Rel 2d 0.839/0.161(3) 0.5 0 0.0 0.022(33)
Re2/Fe2 2¢ 0.839/0.161 0.5 0 0.5 0.017(10)
o1 4e 1 0.0988(10)  0.4633(12)  02431(11)  0.127(84)

02 4e 1 0.6969(14)  0.2963(13)  0.0413(16) 0.127

03 4e 1 0.1977(14)  0.2013(13)  0.9476(16) 0.127

Note. The space group was P2:/n (no. 14) at origin choice 2, Z = 2, and g was the occupation factor.
Cd:FeReOg: @ =5.35718(1) A, b=5.44670(2) A, c=7.69712(2) A, f=90.0676(3)° and V' =224.594(1)
A3. R Indices were Ry, = 2.387%, R, = 1.685%, R = 3.05%, and Rr = 2.367%.

To investigate whether a phase transition occurred over a wide temperature range, in situ
synchrotron XRD measurements were performed from 100 K to 800 K. As shown in Figure
3.13a, the peak positions shifted slightly to the lower angle side due to heating over the entire
temperature range. This temperature change may be attributed to thermal expansion. A few
unidentified impurities were formed at 800 K (see asterisks in the main panels). As shown in

Figure 3.13b, lattice constants were determined from the XRD patterns, and all lattice
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constants showed a monotonous temperature change, suggesting no occurrence of the polar

phase transition assumed in the temperature range of the measurement.
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Figure 3.13. (a) In situ SXRD measurements from 100 K to 800 K. Asterisks represent
unknown impurities. (b) Temperature dependence of the lattice parameters of Cd2FeReO6.

The parameter B and the unite cell volume are not plotted for clarity.

Figure 3.14 shows the crystal model of Cd2FeReOs, where the Fe and Re ions alternate
in a manner similar to an intertwined backgammon board, exhibiting the same characteristics
as the rock salt-ordered type DP oxide. The Fel/Rel-centered octahedra is predominantly
occupied by Fe, whereas for the Re2/Fe2-centered position, Re is more prevalent. The mean
interatomic distances, bond valence sums (BVS), and selected bond angles at room temperature

are displayed in Table 3.7.
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Figure 3.14. The crystal structure of Cd2FeReOs, blue and grey polyhedron show ReOs and
FeOs octahedron respectively while Cd and O atoms are represented as orange and red solid

spheres.

Table 3.7 Selected bond lengths, angles, and bond valence sums (BVS) of Cd,FeReOg at room

temperature.
CdzFeReOs

Fel-O1 (x2) 2.065(9)
Fel-02 (x2) 1.957(8)
Fel-03 (x2) 1.995(8)

BVS (Fel) 3.10
Re2-01 (x2) 1.946(9)
Re2-02 (x2) 1.984(8)
Re2-03 (x2) 1.987(8)

BVS (Re) 4.43
Fel-O1-Re2 147.2(4)
Fel-02-Re2 151.5(6)
Fel-O3-Re2 147.2(6)

Note. BVS = YN . v;, v; = exp[(Ro—1)/B], where N is the coordination number, B = 0.37. The values of
Ry are as follows: Ro(F*") = 1.759 ¥, Ry(Re>") = 1.86 38,

The average bond length of Fe-O in Cd2FeReOg was 2.01 A, which is comparable to
that of CaxFeReOg (2.03 A). 3> The BVS of Fe corresponding to this bond length was 3.10,
suggesting that Fe in the compound is close to trivalent. It is reasonable to assume that the Fe*"
in Cd2FeReOg is in a high-spin state, as is the Fe*" in CaFeReOs. >* On the other hand, the
calculated BVS (4.43) was considerably smaller than the ideal value (5.00), although the
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average Re-O bond length <Re-O>=1.972 A was comparable to the sum of Re’" and O* ionic
radii (1.98 A). Upon further investigation, this situation was observed in other similar high-
pressure products. For example, in Pb,FeReOg, <Re-O> = 2.00 A and the BVS value of Re
was 4.27, 3° which is also much smaller than the ideal value (5.00). It is possible that under-
bonding is a common phenomenon in Re oxides stabilized at high pressure. The inter-
octahedral Fe-O-Re bond angles are 147.2°, 151.5°, and 147.2°. These angles deviate
significantly from 180°, indicating a stronger torsion of the inter-octahedral bonding.

The >’Fe Méssbauer spectrum of Cd2FeReOg measured at 287 K is shown in Figure
3.15. Like shown in the graph, it exhibits magnetic hyperfine splitting, indicating that the
magnetic transition temperature is above room temperature. However, unlike the single six-
line pattern, the spectrum can be roughly fitted by two strongly pronounced sextets with two
smaller quadrupoles splitting. Usually, magnetic compounds with non-cubic symmetry have
an electric field gradient and exhibit quadrupole interactions. Therefore, the combination of
quadrupole interactions and magnetic hyperfine interactions is common *°. The difference
between the two sextets may be due to the fact that Cd2FeReOg is not a completely ordered DP
oxide but contains antisite defects. Consequently, the misplacement of Fe ions may cause
different local environments, resulting in the two sets of hyperfine parameters. All the
Maossbauer fitting parameters are summarized in Table 3.8. Based on the IS as well as the

hyperfine fields (Bu), It is confident that the Fe ions are in the 3+ oxidation state 1>,

100.3
100.1
99.9
99.7
99.5

993 ! 1 ! L I I L I ! I

12 -8 -4 0 4 8 12
Velocity (mm/s)

Transmission (%)

Figure 3.15. The >’Fe Méssbauer spectra of Cd2FeReOs measured at 287 K. The solid-colored

curves correspond to the fitting, while the small markers represent the transmission.
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Table 3.8. Fitting parameters of the Mdssbauer spectrum of Cd2FeReOg at 287 K.

components IS (mm s) Bue (T) QS (mm s) FWHM (mms') 4 (%)
Fitting 1 (blue) 0.51(3) - 0.333(55) 0.47(11) 16(2)
Fitting 2 0.53(5) - 1.982(91) 0.28(15) 4(1)
(orange)
Fitting 3 (green) 0.48(2) 40.9(5) - 0.61(12) 46(3)
Fitting 4 (purple) 0.49(2) 38.9(5) - 0.55(15) 34(3)

Note: 1S, By, QS, and FWHM, and 4 correspond to the isomer shift, hyperfine field, quadrupole splitting
parameter, line width, and relative area fraction, respectively. The colors in Figure 3 correspond to the

respective subspectra.

The temperature dependence of the magnetic susceptibility of Cd,FeReOs with an
applied magnetic field of 10 kOe is presented in Figure 3.16a. The magnetic susceptibility was
measured using the oven mode of MPMS3, up to 570 K, as the zero-field cooling (ZFC) curve
and field cooling (FC) curve remained divergent at 390 K. A significant decrease was observed
around 460 K, indicating a loss of long-range magnetic order. At 390 K, a small gap appears
between the data sets obtained using different measuring modes, which is likely caused by a
technical issue.

At higher temperatures, a preliminary Curie-Weiss fitting of the inverse susceptibility
within the paramagnetic range (500-570 K) suggests a significantly positive Weiss temperature
of 440 K. However, the observed magnetic moment is 3.77 ug per formula unit (f.u.), notably
smaller than the theoretically expected spin-only moment of 6.56 ug per f.u. It is plausible that
the chosen temperature range for the analysis was either too narrow or situated too closely to
the magnetic transition point, possibly affecting the accuracy of the results.

The isothermal magnetizations of Cd,FeReOs at 5 and 300 K are presented in Figure
3.16b. The spontaneous magnetization does not saturate even at 5 K, and its value of around
2.27 pp/f.u. is much lower than the theoretical FM-aligned spin-only magnetization of 7 pg/f.u.
In contrast, it is closer to the difference of each spin-only magnetization (3 ps/f.u.), suggesting
that Cd2FeReOg is more likely to behave as a ferrimagnet. The underestimated moment may
be the consequence of the large spin-orbit interaction of Re, similar to other cases ***!. The
hysteresis loops for CdoFeReOg are all very narrow, indicating that it is a soft ferrimagnet. Even
at 5 K, the coercive field (Hc) was only ~900 Oe. The remnant magnetization (M;) was ~1.87
us/fu. at 5 K.
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Figure 3.16. (a) Temperature dependence of y and y! (inset) of Cd2FeReOs measured under H
=10 kOe. (b) Isothermal magnetization curves of Cd2FeReOg at 5 K and 300 K.

The electrical resistivity, p(7T), was investigated using the rectangular polycrystalline
pellet. As shown in Figure 3.17a, Cd2FeReOg behave as a semiconductor throughout the entire
temperature range at both zero magnetic field and 70 kOe. Two different fits were attempted
for the data under zero field conditions, as depicted in the inset. The p(7) was found to be nearly
linear on the 7" scale, which is consistent with Mott’s VRH conduction mechanism: p(T) =

poexp[(To/T)V4], similar to other DP oxides such as Ca;FeReOg 2.
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Figure 3.17. (a) The electrical resistivity of CdFeReOg as a function of temperature under
various magnetic fields, inset shows the corresponding In(p) vs. T"' and In(p) vs. T"'* curves
of Cd2FeReOg. (b) The magnetoresistance of Cd2FeReOg at temperatures of 5, 30, 100, and
300 K.

The most striking feature of this compound is the appearance of tunnel
magnetoresistance; as in SroFeReQg, 3° the magnitude of magnetoresistance is defined as MR(H)
= 100x[p(H)—p(0)]/p(0), where p(0) is the resistance at zero field. The difference between the
maximum and minimum magnetoresistance values reaches -37% at 7= 5 K and H = 90 kOe,
which is considerably larger than that of other members of the 4,FeReOs family. For example,

for A = Ca, Pb, the magnetoresistance values are about 0%, for Ba -10% (5 K, 50 kOe), ** and
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even for Sr, the most well-studied member, -21% (4.2 K, 70 kOe). *> Even for the entire DP
family, the maximum magnetoresistance value is -42% (4.2 K) for Sr,FeMoOg, » therefore the
magnetoresistance observed in Cd;FeReOs is quite impressive. However, unlike the case of
SrsFeMoOg, the magnetoresistance of Cd2FeReOs decreases significantly with increasing
temperature, down to about -0.1% at room temperature, as shown in the inset in Figure 3.17b.

Cp measurements were conducted for Cd2FeReOg from 2 to 300 K while cooling. As
illustrated in Figure 3.18, the C; values for Cd2FeReOgs showed a continuous evolution over
the entire temperature range, with fluctuations occurring at high temperatures that were likely
attributed to technical noise caused by grease. The low-temperature Cy/T vs. T° data for the
compound were fitted assuming lattice (Ciax), metallic (C.) and hyperfine (Cpy) contributions
are included. Then the model becomes: Cy/T = A/T*+B/T* +5:T* + 3, in which the hyperfine
contribution is Cyy, =A/T?, the lattice term is Ciar = BiT° +T°, and the metallic contribution
could be written as Ce; = »7T, where y is the electronic specific heat coefficient and f; is a
constant that relates to the Debye temperature @p . For Cd2FeReOg, a plot fit yields A =
211(27) mJ K mol!, y = 4.6(14) mJ mol™! K2 and f = 4.2(2)x10* J mol! K**, estimating the
Debye temperature @p value to be approximately 359(5) K. The non-zero y value indicates that
the conduction electrons contribute to Cp,, somewhat divergent from the large resistance found
at low temperatures. There are two possible sources for this discrepancy: first, since there is
large disorder degree, some local spin-glassy behaviors may exist in the sample which may
contribute to the observed non-zero y **. On the other hand, the boundaries inside the
polycrystalline sample may lead to significant electron scattering which will result in a higher
resistivity as well. Attempts were made to obtain a sizeable single crystal to gain a more
accurate value but so far, I did not get a single crystal sample with sufficient size for the
resistivity measurements. Follow-up efforts should also be sustained to obtain more accurate
results. Moreover, the non-zero A value consistent with the upturn in the Cp/T term at 7< 5 K,
indicating that, in addition to the electronic and lattice contributions, hyperfine contribution

indeed exists in the sample.*
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Figure 3.18. Temperature dependence of C, for Cd2FeReOg below 300 K. The inset shows a
fitted curve of the low-temperature part of Cy/T vs. T2.

To gain a deeper understanding of the magnetic and electrical properties of CdoFeReOs, first-
principles calculations were conducted using experimental structure parameters. In these
calculations, the Fe and Re atoms were assumed to be perfectly ordered. The total and partial
density of states (DOS) calculated by GGA without SOI are presented in Figure 3.19a. In this
figure, the dashed line represents the Fermi energy (EF), and the lowest panel shows the total
DOS, while the other panels display the partial DOSs decomposed into atomic species. For
comparison, the total and partial DOSs of Ca;FeReOs were also calculated, which were based
on the experimental structure of the low-temperature phase. ** These results are shown in
Figure 3.19b. The overall structures of the DOSs for Cd.FeReOs and CaFeReOg are similar;
however, there are some minor differences between the two compounds. One noticeable
difference is the contribution from Cd in Cd2FeReOs, which is distributed in a wide energy
region, unlike the almost negligible contribution from Ca in CazFeReOg in the energy region
presented in Figure 3.19a. The DOS of Cd in Cd,FeReOg arises from its 4d and Ss orbitals.
This suggests that the hybridization between Cd and O is larger than that between Ca and O,
as expected from the differences in Pauling electronegativity.

Within the framework of GGA, the calculated CdoFeReOs compound exhibits
ferrimagnetism with a spin moment of 3.0 ug per formula unit. The electronic states between -
7.5 eV and -2.0 eV are identified as O 2p bands that are hybridized with Fe 3d, Re 5d, and

other orbitals. Above -2.0 eV, the states around the Fermi energy are primarily composed of
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Fe 3d and Re 5d orbitals with hybridization of O 2p orbitals. The Fe 3d and Re 5d bands further
split into ey and £2¢ bands. Notably, the Re 5d-eg bands, which exist above 5 eV, are not shown
in Figure 3.19a and 3.19b. In the majority spin channel, the Fe 3d bands are fully occupied,
while in the minority spin channel, they are positioned above the Fermi energy. On the other
hand, the minority-spin Re 5d-;¢ bands are partially occupied. As a result, the majority spin
DOS vanishes at the EFr, indicating that Cd,FeReOg is characterized as a half-metal. In this
scenario, minority-spin electrons exhibit metallic behavior, while minority-spin electrons
behave like insulators with an energy gap of approximately 0.4 eV. This half-metallic behavior
leads to complete spin-polarization of the conduction electrons at the Fermi level, making
CdyFeReO¢ highly promising for spintronics applications. Similar to other half-metallic
compounds,?>*'# the half-metallicity in Cd2FeReOs is expected to result in a decrease in
resistivity in the presence of an applied magnetic field, which is consistent with the

experimental findings.

(a) Cd,FeReO (b) Ca,FeReO,

DOS [states/(eV cell)]

Energy (eV) Energy (eV)

Figure 3.19. Total and partial DOS calculated using the GGA method without SOI for (a)
CdyFeReOg and (b) CaxFeReOs. The partial DOS of atomic species were calculated from the

projected weights in muffin-tin radii. In each panel, the upper (lower) half presents the majority
(minority) spin DOS.
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How the electronic structure of Cd2FeReOgs is affected by on-site Coulomb interaction
(U) and SOI were further explored. To investigate this, Ur. =4 ¢V was set and varied the Ure
up to 4 eV. Additionally, three different magnetic directions for the magnetization (M), namely
M//(001), (010), or (100) were considered. The calculated total DOS is summarized in Figure
3.20. These findings indicate that even with the inclusion of SOI, the majority spin DOS at the
Er remains small. When the Ur. was increased up to 4 eV, Cd2FeReOg exhibited a small energy
gap opening. Interestingly, this behavior is qualitatively similar to previous calculations for
CarFeReOg, ¥ but there are quantitative differences between these two compounds.
Specifically, it is observed that M // (001) yields the lowest energy for Cd,FeReOg among the
three magnetic directions tested. With this specific direction of M, Cd2FeReOs remains metallic
up to Ure = 3 eV and opens an energy gap of approximately 0.08 eV at Ure =4 eV. In contrast,
when the magnetization is directed to (010), the energy gap opens at a smaller Ur. value of 3
eV. Notably, in the case of Ca;FeReOg, the M // (010) gives the lowest energy, resulting in an
energy gap opening at a smaller Ure value of 3 eV. This discrepancy in behavior between
Cd>FeReOg and CacFeReOg may be attributed to differences in the local structure around the
Re atoms. #?

Indeed, the contrasting magnetoresistance behaviors observed in Cd;FeReOg and
CasFeReOg are intriguing. The absence of significant magnetoresistance in CaFeReOg, +*
despite its close structural similarity to Cd2FeReOs, suggests that even subtle differences in
their electronic states can have a substantial impact on the magnetoresistance phenomenon.
Understanding the underlying reasons for these discrepancies can provide valuable insights
into the unique properties of double perovskite oxides and guide the design of materials with
tailored functionalities. It is essential to note that the theoretical study did not consider the
experimentally observed 30% antisite disorder in Cd2FeReOs. The presence of antisite disorder
could have profound effects on the electronic and magnetic properties of the material, including
its magnetoresistance behavior. Therefore, conducting further theoretical investigations that
incorporate the effects of antisite disorder may shed light on the origin of the observed

magnetoresistance in Cd2FeReOe.
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Figure 3.20: Total DOS of Cd;FeReOs calculated using the GGA and GGA+U methods with
SOL.

As illustrated in introduction, the non-magnetic A-site series A2FeReO¢ (4 = Ba, Pb, Sr,
Ca) family presents a high Curie temperature (7¢c), which appears to be inversely proportional
to the ionic radius *, the tendency has been plotted in Figure 3.21. and according to the graph,
the hypothetical 7c corresponding to Cd is around 560 K, as indicated by the hollow star.
However, the value obtained in the experiments was around 460 K, as shown by the solid star,
which was different from the initial prediction. It is highly likely that large antisite disorder
had a negative effect on the magnetic transition. This disorder may have led to the occurrence
of local AFM Fe-O-Fe bonding, which disturbed the magnetic homogeneity over long ranges
and significantly contributed to the decrease in 7. ***. I attempted to produce high-pressure
materials with less antisite disorder, but unfortunately, impurities such as Cd>Re>O7 appeared
when the temperature was lowered. Therefore, I believe that much higher pressure is necessary

to obtain more ordered compounds with promising higher 7.
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Figure 3.21. Roughly linear relationship between the ionic radius and the imaginary and real
T. of Cd2FeReOs. Data used in this plot: Ca >°, Sr>!, Pb 3’ Ba 2.

Kobayashi et al. *°

investigated the analogous tunneling magnetoresistance of
SroFeReOg and attributed it to either inside the grain or at the domain boundaries as the main
cause of the observed magnetoresistance. Meanwhile, Gopalakrishnan et al. ** had offered a
different insight about the magnetoresistance based on systematic studies of the 4>FeReOg
series. They suggested that the higher magnetic tunability of Sr oxide could be primarily due
to its location on the metal-insulator boundary between the metallic Ba and insulating Ca
compound. Interestingly, although the sample is insulating, similar to the Ca counterpart (20
mQ cm for Ca;FeReOs ** and 30 mQ cm for Cd2FeReOg at room temperature), the typical spin-
valve-type magnetoresistance was observed in the compound.

The source of the magnetoresistance in the sample is therefore likely due to the fact
that, as the applied magnetic field gradually increases, the spins within the microcrystalline
domains begin to align orderly but not yet completely in one direction. As I will illustrate later,
the compound is in a half-metallic state; thus, when the spin-polarized electron currents pass
through magnetic regions with different magnetization directions, considerable scattering of
spins may lead to the increase in resistivity. With the increase in the applied field, the domain-
rotation process is then completed, and the spin scattering is substantially suppressed, resulting
in the decrease in resistance. A comparison with the magnetization curve shows that the
magnetic field at the turning point in magnetoresistance corresponds to the point where the
magnetization curve flattens out. The high dependence of magnetoresistance on magnetic

domain configuration and the decrease in the magnitude of magnetoresistance with increasing
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temperature suggest that the suppression of spin-dependent scattering by applied magnetic
fields, either inside the grain or at the domain boundaries, is the main cause of the observed
magnetoresistance.

Very recently, giant positive magnetoresistances, reaching up to thousands of percent,
have been observed in thin films of half-metallic double perovskites. >*->* It is crucial to note
that these phenomena stem from an entirely distinct mechanism and are typically only viable
at very low temperatures (below 10 K). Moreover, they exhibit a high sensitivity to temperature
changes, with slight increases in temperature leading to substantial reductions in
magnetoresistance values. On another front, significant linear magnetoresistance is also
observed in certain topological insulators and Dirac or Weyl semimetals, such as Bi,Tes,>
CdsAs, *° TaAs, 37 TIBiSSe. *® Among these materials, the giant linear magnetoresistance can
even reach 80000% at 9 T in Cd3As>.*? However, the distinctive magnetoresistance exhibited
by these materials arises from an entirely separate mechanism linked to modifications in the
Fermi surface. Consequently, in comparison to typical ferromagnetic and ferrimagnetic oxides,
which usually demonstrate negative magnetoresistance, the material continues to display a

noteworthy tunneling magnetoresistance.

3.3. Conclusion

This study presents the synthesis and characterization of two novel oxides, Cd2FeOsOg
and Cd>FeReOg, and investigates their fundamental properties. Both compounds adopt the
P21/n space group.

In the Os-oxide, approximately 30% ordering is observed between the Fe and Os ions
at the B site while the Re-oxide exhibits around 70% partially ordering of Fe** and Re® in the
B site. Cd2FeOsOs undergoes a ferromagnetic-to-paramagnetic transition at around 285 K.
Notably, an EB effect is observed near this transition temperature (~260 K) and becomes more
pronounced at lower temperatures. Interestingly, a substantial EB effect of 10 kOe is achieved
with a remarkably weak applied magnetic field of 80 Oe, which is a noteworthy finding. The
involvement of a partially ordered host material and the strong SOC of Os is suggested as a
possible explanation for these observations, which deviates from existing mechanisms
proposed for the EB effect. Further investigations are needed to gain a better understanding of
the underlying mechanisms and to enhance the EB properties. In conclusion, this study presents

a promising approach to harnessing the properties of partially ordered DP materials to achieve
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a significant EB effect near room temperature using a small cooling field. The results highlight
the potential for substantial improvements in material properties through the strong SOC of 5d
elements. Moreover, the synthesis of new DP oxides incorporating Cd at the A site opens up
avenues for exploring advanced materials with potential applications. This work contributes to
the field of materials science by demonstrating the feasibility of exploiting unique properties
and lays the foundation for further advancements in this area.

For Cd;FeReOs, approximately 70% ordering of Fe** and Re’" ions is discovered at
the perovskite B-site. The presence of antisite disorder in Cd2FeReOs may have influenced the
empirically predicted high 7c of ferrimagnetic ordering; nonetheless, the measured 7c of 460
K significantly exceeds room temperature. Cd2FeReOs exhibited semiconductor behavior
consistent with Mott’s variable-range hopping conduction model. However, the most
remarkable property observed was its substantial low-field butterfly-type tunneling
magnetoresistance of -37% at 5 K. This tunneling magnetoresistance is likely attributed to the
modulation of spin scattering by an externally applied magnetic field during the domain
rotation process. First-principles calculations further supported that Cd2FeReOg displays a half-
metallic state, which offers a plausible explanation for the observed magnetoresistance
behavior. The distinct magnetoresistance behaviors exhibited by Cd,FeReOg and CaxFeReOs,
along with the presence of antisite disorder in Cd,FeReOg, pose intriguing avenues for future
research. Developing a comprehensive understanding of these factors through both theoretical
investigations and experimental studies will prove essential in unlocking the full potential of
double perovskite oxides and in exploring novel materials with unique magnetic and electronic
properties for a range of technological applications.This study contributes to the expanding
body of knowledge concerning the double perovskite family, underscoring its potential
significance in the realm of materials science and spintronics research. The promising
properties identified in Cd2FeReOg and its related compounds warrant further investigation and
exploration. By delving deeper into the electronic states and accounting for the effects of
antisite disorder, invaluable insights into the remarkable attributes of double perovskite oxides
could be obtained, thereby opening doors to their potential applications in various technological

advancements.
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Chapter 4 High-pressure synthesis and magnetic and electrical

properties of Fe-doped BizRe3On and BizOs30n

4.1. Introduction

ABOj3 compounds form a series of interesting crystal structures, including perovskite,
ilmenite, corundum, pyroxene, and KSbOs-type.! Among them, KSbOs-type oxides have
diverse and attractive properties such as ionic conductivity and electrocatalysis in BisRu3O11,>
remarkable non-Fermi-liquid behavior in structurally related LasRusO19,* and the highest Tt
record of 307 K among insulating and semiconducting ferromagnets in BisMn3O116 °. As a
result, KSbOs-type compounds, together with perovskite oxides, have attracted a great deal of
attention in recent years.

In the KSbOs-type structure, SboO1 dimers sharing corners and edges form a three-
dimensional framework, which is filled with different units, thus forming various lattices with
different space groups.® For example, the K atoms in KSbO3 and the BizO> units in BisRu3O1;
are regularly arranged in the channel, forming the Pn-3 lattice,” while the K atoms in KBiOs ’
and Sr atoms in SraRe309 ® result in the Im-3 lattice. Meanwhile, the La4O units in LasMsO10-
type compounds (M: metal atom),® which are usually off-stoichiometric, form the /23 lattice.*’
Bi3M3011 compounds, which are usually cubic with the space group of Pn-3, form the largest
family of KSbOs-type oxides. This was likely due to the propensity of Bi atoms to form
structures with various counter elements. To the best of our knowledge, the following bismuth-
based KSbO;-type oxides have been synthesized: BizRuzOi1,> BizOs3;011,°> BisResOr1,}
Bi3Ge;Oi05,'" BisCraoiOn,'" BisMnsOiniss (0.5 < 6 < 0.6),>'? BisMnioTer 1011,
BisCrSb2011,"  BisFeSb2011,'*  BixLaFeSb,011,'*  BizLaMnSby011,'*  BiLaCrSbyOi1,'*
NaBixSb;011,"° and BisTisWO2,'® BioNi2Sb7033.!7 However, all but BizMn3Oi1+s and
Bi3Cr201011 are paramagnetic and show no long-range magnetic ordering down to low
temperature. In particular, 5d oxides show only weak temperature-dependent paramagnetism
in the temperature range.

In recent years, combining 5d and 3d (or 4d and 3d) transition metals in materials has
become a proven way to explore useful new magnetic and magnetoelectric properties; for

example, SroFeMoQOs exhibits colossal magnetoresistance at room temperature,'®!° Sr,FeReOs

85



shows half-metal properties with a Curie temperature above 400 K,?° SroCrOsOs has the

21,22 and

highest ferrimagnetic ordering temperature (725 K) among double-perovskite oxides,
CaxFeOsOg exhibits room-temperature ferrimagnetism due to structural distortion.”>** Since
doping of 3d elements into 5d or 4d element sites is promising for the design of new magnetic
materials, this study aims to replace some of the 5d elements in KSbOs-type oxides with 3d
elements to explore and develop electronic properties and materials for spintronics and related
device research fields. Specifically, because rhenates such as MnoFeReOs>>*® and Mn,MnReOg
27 and osmates such as LiOsOs3 % and NaOsO;3 %’ exhibit remarkable 5d properties, I selected
KSbOs-type BizRe3O11 and Bi30s3011 as target materials (both are paramagnetic down to the
minimum temperature) and investigated the possibility of improving material properties by
doping with iron.

Consequently, I have successfully doped BizRe3O11 and Bi30s3011 with Fe up to 29
atomic% using high-temperature and high-pressure conditions. Herein, I report on the synthesis,
crystal structures, and magnetic and electrical properties of the maximally doped
BisRex.13Fe0 87011 and BizOsz45Fe0.55011. In particular, I find that BizOs2.45Feo.55011 exhibits
magnetic characteristics at 490 K, the highest temperature ever reported for a KSbOs-type

material.

4.2. Experimental

Polycrystalline materials were synthesized via a solid-state reaction under high-
pressure and high-temperature conditions. Early in the synthesis, attempts were made to replace
1/3 of the Re (or Os) in BizRe3O11 (or Bi3Os3011) with Fe, but because of the formation of
impurity phases in the final product, the composition ratios were adjusted to minimize them,
and eventually the purest material was obtained in the following ratio. BisRe2.13Feo.87011 was
synthesized from a mixture of Bi203 (99.99%, Soekawa Chem), Fe;03 (99.998%, Alfa Aesar),
ReOs (laboratory made from 99.99% Re, Rare Metallic Co. Ltd.), and Re (99.99%, Rare
Metallic Co. Ltd.) in the ratio of 3:2:3.14:0.46, which was thoroughly ground and sealed in an
Au capsule. The capsule was incorporated into a multi-anvil high-pressure apparatus (CTF-
MA1500P; C&T Factory Co., Ltd., Tokyo, Japan) and heated at 900 °C for 40 min under a
pressure of 6 GPa. After heating, the capsule was quenched below 100 °C within 30 s and the

pressure was gradually released over several hours to obtain the target material. Another
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osmium oxide was obtained using the same procedure. The differences were that the mixing
procedure was performed in a glove box filled with Ar, and the raw materials for
Bi30s2.45F¢0.55011 were Bi203 (99.99%, Soekawa Chem), Fe2O3 (99.998%, Alfa Aesar), OsO»
(laboratory made from 99.95% Os, Nanjing Dongrui Platinum Co. Ltd.), and KClO4 (99.5%,
Kishida Chem) in a ratio of 3:0.75:5.6:0.94. Higher temperatures were required for the
formation of osmium oxide, and the temperature was increased to 1100 °C. Syntheses with
lower doping levels were also attempted, but in the end, it was very difficult to obtain pure
single-phase materials. For example, at least two KSbOs-type mixed phases with different
Fe/Re ratios were obtained for the rhenium material, and significant pyrochlore impurities
appeared in the osmium material. Since the exact phase relations were unknown, the purest
materials were selected and the fundamental properties of the Fe-doped materials were
investigated.

In the laboratory, X-ray diffraction (XRD) of the high-pressure products showed that
trace impurities such as Fe>O3, Fe304, and KCl remained; therefore, the products were washed
repeatedly with HCI and distilled water and dried at 120°C for 2 days.

Structural determination was performed using synchrotron X-ray diffraction (XRD).
High-resolution synchrotron powder XRD data were obtained at room temperature using a
monochromatized beam (A = 0.413854 A) at beamline BL0O2B2 at SPring-8, Japan.>*3! Prior
to the measurement, a benchmark test was performed using a standard (CeO.) to confirm the
wavelength. The powder was placed in a Lindenmann glass capillary (0.1 mm inner diameter)
and rotated during measurement. The RIETAN-VENUS program was used to analyze the
synchrotron XRD patterns.?>

The temperature dependence of the direct current (DC) and alternating current (AC)
magnetic susceptibilities was measured using a magnetometer (MPMS3, Quantum Design Inc,
San Diego, California) at temperatures between 2 K and 550 K, an applied magnetic field of
10 kOe, and zero-field cooling (ZFC) and magnetic field cooling (FC) conditions. Isothermal
magnetization curves were also measured in the -70 to 70 kOe field range. Magneto-transport
properties were recorded using a four-probe method between 2 K and 300 K in magnetic fields
up to 90 kOe using a physical property measurement system (PPMS, Quantum Design). The
specific heat (C,) was measured by the relaxation method between 2 and 300 K using grease

(N Apiezon) and the commercial calorimeter option of PPMS.
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To determine the exact metal composition of the high-pressure products, electron probe
microanalysis (EPMA) was performed using a JEOL JXA-8500F instrument. The sintered

surfaces were precisely polished with a 0.3um alumina-coated film.

4.3. Results and discussion

4.3.1. Determination of the chemical composition and crystal structure

The synchrotron XRD patterns of BizRex.13Feo.87011 and Bi30s;.45Fe0.55011 are shown
in Figure 4.1. Except for the identified trace impurities (2.4 wt% BiFeOs in BizRe2.13Fe0.87011
and 2.2 wt% OsO; in Bi3Os245Feo.55011), the samples are single phase and all diffraction peaks
are indexed based on a KSbOs-type structure (space group Prn-3). The cubic lattice constant of
BisRez.13Fe0 57011 was a = 9.40771(8) A and that of Bi30s2.45Fe 55011 was a = 9.38007(3) A.
Rietveld refinement revealed that Bi atoms completely occupied the 8e(x, x, x) and 45(0, 0, 0)
Wyckoff positions, Fe and Re (Os) atoms were randomly placed at the 12 g position, and O
atoms were distributed at independent 8e(x, x, x), 12f(x, 0.25, 0.25), and 24A(x, y, z) positions.
The final crystallographic parameters are presented in Table 4.1. During the analysis, the
constraint occupancy(Fe) + occupancy(Re/Os) = 1 was imposed on the Fe and Re(Os) sites.
The resulting Re/Fe ratio was approximately 0.27/0.73, which is in close agreement with the
Re/Fe = 0.29/0.71 obtained by EPMA. However, it was fixed to the EPMA ratio. On the other
hand, the Os/Fe ratio was quite unstable during the analysis but was finally fixed at 0.18/0.82
based on the EPMA results.
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Figure 4.1. Rietveld analysis of synchrotron XRD patterns of (a) BizRez.13Feo 87011 with
BiFeOs as the impurity phase and (b) Bi30s245Fe 55011 with OsO; as the impurity phase at
room temperature. Observed (circles), calculated (all lines), and difference profiles (bottom).

The array of short vertical bars represents the calculated positions of the diffraction peaks by

the structural model.

Table 4.1 Structure Parameters of BisRes.13Fe0 87011 and Bi30s2.45Fe0 55011

Atom Wyckoff g x y z B (A%
BisRez.13Fe0s7011
Bil 8¢ 1 0.38206(7) =x =x 1.670(22)
Bi2 4b 1 0 0 0 1.599(27)
Rel/Fel 12¢  029/0.71 038762(12)  0.75 0.25 0.349(13)

&9



01 8e 1 0.1439(9) =x =x 1

02 12f 1 0.5900(14) 0.25 0.25 1
03 24h 1 0.6022(10) 0.2444(8) 0.5405(14) 1
Bi30s2.45Fe0.55011

Bil 8¢ 1 0.38179(4) =x =x 1.356(12)

Bi2 4b 1 0 0 0 1.173(13)
Os1/Fel 12¢  0.18/0.82  0.38977(6) 0.75 0.25 0.207(5)

o1 8e 1 0.1448(6) =X =X 1

02 12f 1 0.5933(9) 0.25 0.25 1

03 24h 1 0.6023(8) 0.2443(6) 0.5384(10) 1

Note. The space group was Pn-3 (no. 201) at origin choice 2, Z =4, and g was the occupation
factor. BisRez 13Fe0s7011: @ =9.40771(8) A and V'=832.629(12) A3. R Indices are Ry, =9.38%,
R, = 6.357%, R = 4.335%, and Rr = 2.982%. Bi30s245Fess011: @ = 9.38007(3) A and V =
825.313(4) A3. R Indices are Rwp = 6.80%, Ry, = 4.83%, Rg = 3.26%, and Rr = 2.19%.

The crystal structures of BizRez.13Fe0 87011 and Bi3Os2.45Fe0.55011 were almost identical;
therefore, only one is depicted here to prevent duplication (Figure 4.2.). The Bi atoms are not
shown for clarity. The structural view clearly shows the characteristic tunneling motif, as
observed in other KSbOs-type oxides: the Re(Os)/Fe atoms occupy the octahedral center, and
the [Re(Os)/Fe]>010 dimer is composed of edge-sharing octahedral pairs, with adjacent dimers
located in a vertical plane to form O3 corner sharing, thereby linking them into a geometrically

frustrated 3D network.

Figure 4.2. (upper) Crystal structure of BizRez.13Fe.87011 viewed in the <111> direction, and
(lower, slightly tilted toward the a-axis) a bc-plane showing connections between (Re/Fe)Os

octahedra. For clarity, Bi atoms are not shown.
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Due to the close proximity of the octahedra, the Os(Fe)-Os(Fe) and Re(Fe)-Re(Fe)
distances were found to be short (2.658 A and 2.602 A, respectively). The values for osmium
oxide are close to the bond length of undoped Bi»030s3011 (2.6610 A),** suggesting that a
metallic bond is formed. The Re(Fe)-Re(Fe) distance is longer than the distance for BizRe;O1
(2.456 A),? but since it is shorter than the Os-Os bond distance (2.6610 A),>* it is inferred that
metallic bonding is also involved in the chemical bonding of BisRe>.13Feo.87011.

Table 4.2. shows the bond lengths, angles, and bond valence sums (BVS) for each
oxide; since I have not obtained a single crystal, the accurate Fe-O and Re(Os)-O bond lengths
could not be measured precisely, therefore I can only use the average bond lengths from the
polycrystalline results to make an overall estimate. The BVS values for the Bi sites are
comparable to the 3.00 for Bi expected for the stoichiometric BizM3011. This result indicates
the effectiveness of the BVS for these oxides. Assuming a valence of +3.00 for the Fe ions
doped in each oxide, the BVS for Re is expected to be 4.88 and 4.63 for Os. However, the BVS
values for Fe (3.24 of BizRez.13Fe0s7011 and 3.35 of BizOs245Fe0.55011) were slightly higher
than expected. However, the BVS values for Re and Os (Re = 4.87; Os = 4.50) are close to the
expected values. It is possible that Fe is overbonded, although the effect of metallic bonding
must be considered. This complex bonding state may be the consequence of a delicate stress
balance between the compression and tension inside the crystal structure, which is stabilized

by high-pressure heating.

Ta