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Abstract

Transition metal oxides with partially filled 34 and 4d shells have dominated
materials research in past decades, while 5d oxides are being of great current interest as 5d
oxides exhibit spectacular phenomena. The unique properties of 5d oxides stem from the
nature of 5d electrons themselves. On one hand, upon descending the periodic table from the
3d to 5d series, the d orbitals become spatially extended, resulting in smaller on-site Coulomb
repulsion for 5d electrons. On the other hand, the spin-orbit coupling increases considerably
in 5d orbital, leading to enhanced splitting degenerate orbitals and bands. The interplay
between spin-orbit coupling, Coulomb repulsion and crystal-electric field can lead to novel
phases of matter. In this thesis, eight 54 oxides were synthesized under high-pressure and

high-temperature conditions to elucidate the novel physical properties involving 5d oxides.

Chapter 1 is the introduction of background behind this thesis. Chapter 2 provides

information about the experimental methods and technologies used in this thesis.

In Chapter 3, HgPbOs is introduced, which was synthesized at 6 GPa and its crystal
structure was studied by single-crystal X-ray diffraction and powder synchrotron X-ray
diffraction measurements. HgPbOs3 crystallizes into a hexagonal structure (R-3m) with a =
5.74413(6) A and c = 7.25464(8) A. The metallic behavior was observed from temperature
dependence of resistivity measurement for HgPbO3, but its weak temperature dependence of
the electrical resistivity, significant diamagnetism, and remarkably small Sommerfeld
coefficient imply that HgPbOs is a semimetal. The discovery of semimetal in oxide
compounds is quite rare, which could be useful for the advanced material research and the

development of multifunctional devices.

Chapter 4 summarizes two new osmium triple perovskite oxides synthesized at 6
GPa and 1100 °C; a polymorph of the triple perovskite BazCuOs209, which exists in the

orthorhombic phase (Cmcm), is reported. The crystal structure of BazCuOs209 transfers to a
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hexagonal structure (P63/mmc) under a high-pressure and high-temperature condition.
Although Ba3;CuOs209 maintains the 6H perovskite-type lattice basis, the distribution of Cu
and Os atoms are dramatically altered over the lattice. The new distribution brings about
distinct magnetic properties; for example, the hexagonal BazCuOs,09 exhibits a
ferrimagnetic transition at 290 K in stark contrast to the antiferromagnetic transition at 47 K
exhibited by the orthorhombic Ba;CuOs209. Furthermore, it was achieved by replacement of
Cu by Ni that the 7¢ was successfully increased to 370 K for BazNiOs>Oo. In this chapter, a
new class of 3d-5d hybrid ferrimagnetic materials with high-7: emerged from the application
of high-pressure technique. Ba3CuOs209 as well as BazNiOs2Oo could serve as a worthwhile

platform for developing high-T7. ferrimagnetic material.

In Chapter 5, the study of substitutional series double perovskite oxides Sr>Cr-
WNixOsO¢ (x =0, 0.25, 0.5, 0.75 and 1) prepared at 6 GPa is presented. Sr2CrixNixOsOg (x =
0, 0.25, 0.5, 0.75 and 1) exhibit structural transition from cubic to tetragonal at x = 0.5. The
former three samples (x =0, 0.25 and 0.5) exhibit ferrimagnetic ordering below T¢, while the
other two Ni-rich samples (x = 0.75 and 1) are antiferromagnetic. Remarkable variation of the
magnetic properties among the five samples seems not to be simply explained by the
structural transition, but rather by 5d electron nature. The series of Ni-substituted Sr2CrOsOg

likely gives an insight into the effect of spin-orbital coupling on the novel physical properties.

In Chapter 6, the general conclusion is provided, and prospects for future research of

5d oxide are presented.

Keywords:

5d transition metal, High-pressure synthesis, Crystal structure, transport property, magnetic

property
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Chapter 1 Introduction

1.1 Crystal structure

To search for new materials for developing of magnetic, electronic and optical
functions is one of the main aims in materials science. A fundamental methodology for
materials science stems from the structure—property relations. The wealth of physical properties
observed in solid-state chemistry can be contributed from diverse type of structures,
compositions, various cation orderings, distortional transitions, and defects or vacancy
compensation. [1]. ABOs -type oxide with plenty of types have been studied extensively in
solid-stated chemistry. Most of oxide compounds with lithium niobite (LiNbO3) structure,
perovskite structure, ilmenite structure and corundum structure can be denoted as ABOs -type

oxide. The lithium niobite (LiNbO3) and perovskite structure will be discussed in detail.

1.1.1 lithium niobite (LiNbO3) structure

In the LN-type structures, two-thirds of the octahedra sites are occupied by the cations
(A or B) and vacancy fill another one third. The cations arrange long the c axis as A-B-Vacancy-
A-B-Vacancy-A-... and A and B cations are located in the plane perpendicular to the ¢ axis [2].
As shown in Fig 1.1, each layer in the LiNbO; contains both NbOs and LiOs in equal

proportions.

LiNbO3 was discovered to be a ferroelectric material [3]. In the paraelectric phase of
LiNbOs (above Curie temperature), the Li atoms are located either above or below the oxygen
layers by 0.37A, which can be regarded as lying in an oxygen layer in average. Nb atoms are
centered between these oxygen layers which is ¢/4 away from Li atoms. The positions of Li
and Nb atoms make it non-polar [4]. When the temperatures below its ferroelectric Curie

temperature, the Li and Nb atoms are forced to shift into new positions. The separation of



charge stems from the shifts of Li and Nb atoms relative to oxygen octahedra, which leads to

displacement ferroelectrics.

Only a limited number of LiNbOs-type oxides have been synthesized at ambient
pressure, for example, LiReOs [5], (Li, Cu)TaOs [6], and Li;xCuxNbO3 [7] were prepared by
high-temperature solid state reaction. High-pressure and high-temperature conditions have
been regarded as an efficient technique for stabilizing LiNbO3-type oxides such as FeMOs; (M

=Ti,, Ge) [8, 9], MnMOs (M = Ti,, Sn) [10, 11], ZnGeOs [12], ZnSnO; [13].

Fig. 1.1 Crystal structure of LiNbO3 at 297 K. Space group: R3¢ (hexagonal; no. 161); lattice
constants a = 5.14829(2) A, ¢ = 13.8631(4) A [4]

1.1.2 Perovskite structure

When the A cations in ABO3 require a higher coordination number and longer bond
length than B cations, the perovskite structure can form. Ideally, perovskite structure is cubic
lattice that consists of a framework of regular BO¢ octahedra linked by their corners (shown in
Fig. 1.2). A atoms are located at the interstices between arrays of BOg octahedra, which are

surrounded by 12 anions.



Fig. 1.2 Crystal structure of ideal cubic perovskite (ABO3)

The interconnected framework of perovskite structure formed can be distorted by
tilting or puckering of the octahedra, whereby the bond lengths of A-O change and coordination
number decreases from 12 to 10, 8, or even smaller. The distortion from ideal cubic perovskite
structure allows a wider range of cations to be accommodated. A tolerance factor, ¢, can

describe the distortion of perovskite as

Ta0

- \/57”30

t

where rao and rgo are bond lengths of 4-O and B-O. The ideal cubic perovskite is presented if
t = 1. If ¢ deviates from 1, a distorted perovskite will form. Resulting from the structural

flexibility, perovskites possesses compositional flexibility.

Chemical substitution makes perovskite-structure compounds much more abundant.
In particular, substitution of B cations has been studied widely, in order to improve physical
properties of materials. 428B’Og is a kind of significant B-substituted double perovskite, in
which B and B’ cations take on an ordered pattern. Generally, a great difference in oxidation
states of B and B’ leads to an ordered arrangement. The cation ordering in double perovskite

was identified as three simple patterns that can be for either the 4- or B-site cations. These three
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types of B-site ordering in 42BB’Og are shown in Fig. 1.3 [14].

Rock Salt
Columnar
Layered

Fig. 1.3 B-site ordering schemes in double perovskites 428B8°Os [14]

Generally, plenty of perovskite oxides are formed by a closed-packed arrangement of
A-cation layers with B cations occupying octahedral positions. There are three stacking
sequences of the A-cation layers, cubic (ABC), hexagonal (ABAB), and a combination of ABC
and ABAB. The cubic close packing (ccp) structure leads to a family of perovskite compound
where all BOg octahedra linked by corners. The hexagonal close packing (hcp) perovskites
consists of infinite strings of face-sharing BOs octahedra. Combinations of cubic and hexagonal
stacking of A-cation layers lead to a wide varieties of perovskite compounds containing corner-
sharing and face-sharing octahedra. The number of layers and symmetry can be denoted as nL,
nH, and nR, where L or H is hexagonal and R represents rhombohedral [15]. Derived from
double perovskite, 4H (chch), 6H (cchech) and 8H (chhhchhh) hexagonal-perovskite polytypes
can be produced [16-18]. Among these hexagonal-perovskite polytypes, 6H structure is the
most common. An example of 6H double perovskite BasMRuxO9 (M =Y, In, La, Sm, Eu, and

Lu) is shown in Fig. 1.4, comprising dimeric units of face-sharing octahedra and octahedra.



Fig. 1.4 The crystal structure of BasMRu209 (M =Y, In, La, Sm, Eu, and Lu) [19]

1.2 5d metal oxides

Oxides containing the third-row (5d) metals display an impressive variety of physical
properties and become the platform to investigate novel materials. Various anomalous
electronic or magnetic properties have been observed in the 5d metal oxides. The 5d oxides
have been attracting much attention as a candidate of Mott insulator in the past few years.
Iridate oxide Sr2IrO4 is the most famous one that was revealed to be the Jerr = 1/2 Mott ground
state by both measurements and first-principles electronic structure calculations [20, 21].
Further, the Mott physics of Sr2IrO4 leads to a series of interesting predictions about Sr2IrO4-
related 5d oxides, such as the high 7. superconductivity [22], topological insulating behavior
[23], quantum spin liquid [24], and etc. In addition, topological semimetal was realized in a
class of pyrochlore iridates such as Y2Ir207 [25]. Some novel phenomena have been also
discovered in osmate oxides, such as extremely high-temperature ferrimagnetism [26], metallic

ferroelectricity [27], ferromagnetic Dirac-Mott insulating state [28], and Slater insulating



property [29].

The unique properties of 5d oxides stem from the nature of 5d electrons themselves.
Upon descending the periodic table from the 3d to 5d series, the d orbitals become spatially
extended, resulting in smaller on-site Coulomb repulsion (U) for 5d electrons (~1-3 eV).
Simultaneously, the spin-orbit coupling (SOC) increases considerably in 54 orbital (~0.1-1 eV),
leading to enhanced splitting degenerate orbitals and bands [30, 31]. On the other hand, 5d ions
prefer to be low-spin configurations rather than high-spin configurations, resulting from large
crystal-field. The strong SOC competing with U and crystal-electric field (CEF) enables 54
metal oxides present intriguing magnetic properties. In general, the ground state properties of
5d metal oxides is the balanced result of these interactions. A schematic model for the Mott
ground state of 5@° metal oxides was proposed by B. J. Kim and etc. As shown in Fig. 1.5 [20],
the strong SOC splits the fg band into Jesr = 1/2 doublet and Jesr = 3/2 quartet bands. The
modified £ band is easier to be opened even by a small U. SOC effect plays a dominant role
in r** (54°) oxides, which has been readily evidenced. However, it is less clear that the role of
SOC plays in other non-5d° configurations. For example, the large strength of SOC does not
dominate the electronic and magnetic properties of Os>* (54°) oxide compounds, such as
NaOsOs3 [29] and Cd20s207 [32], in contrast to iridates. Even though, SOC is still realized to
have impacts on creating the magnetic ground state for Cd>Os207. In summary, 5d metal oxides

provide a good platform to study the interplay of SOC, Coulomb interactions and CEF.
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Fig. 1.5 Schematic energy diagrams for the 5d° configuration [20]

1.3 Some novel physical properties of d-block metal compounds
1.3.1 Ferroelectricity

Ferroelectricity stems from the separation of the center of positive and negative
electric charge in the crystal, exhibiting spontaneous electric polarization which can be
controlled and reversed by external electric fields [33]. Ferroelectric materials have been of
special interest since the ferroelectricity of BaTiO3 was discovered in 1946 [34]. There are two
symmetrically equivalent ground states existing in ferroelectric materials and these two
oppositely polarized states are separated by an energy barrier Up, as shown in Fig. 1.6. If an
electric field is applied, each state will be reversible [35]. A typical feature of ferroelectric
materials is a phase transition at the Curie temperature (7c), from a non-polarized paraelectric

state to a polarized ferroelectric state with the decrease of temperature. Essentially, the
7



spontaneous polarization is caused by the structural transition at 7c and accompanied by the

loss of a center of symmetry.

4 Energy

“Atomic
‘\ displacement

Fig. 1.6 Schematic of a tetragonal perovskite ferroelectric [35]

Ferroelectricity was long thought to occur only in insulating materials since itinerant
electrons in metallic materials screen electric fields and inhibit ferroelectric distortions in
general. However, a class of materials called as ferroelectric metals was predicted theoretically
by Anderson and Blount [36]. They suggested that metallic transitions accompanied by the
appearance of a polar axis and the loss of an inversion enter should be ferroelectric, accordingly,
this kind of material is the ferroelectric metal. Although the mechanism about ferroelectric
metal were proposed in 1965, only a limited number of this class of material has been
experimentally evidenced until now. Cd2Re>O7 was shortly regarded as a potential ferroelectric
metal, however, it was eventually identified to be piezoelectric but not ferroelectric [37, 38].
The first realization of the ferroelectric transition in a metallic compound is the discovery of
the LiNbOs-type oxide LiOsOs reported in 2013 [39]. The origin of ferroelectric-like structural

transition in LiOsOj3 has been discussing [40-42].

1.3.2 Semimetal

According to electronic band theory, the electronic properties of solid-state materials



are simply classified as conducting and insulating. If there is a gap between the valence bands
(VB) and the conduction bands (CB), the solid is insulator or semiconductor, while metals
possess partially filled bands and no band gap exist. Furthermore, another class of materials
have realized theoretically and experimentally that is semimetallic. Unlike metal, semimetal
has a gap between the VB and the CB, but the gap is either extremely small or vanishing, or a
tiny overlap exist in the gap [43]. The schematic of different types of semimetals are shown in
Fig. 1.7 [44]. Resulting from the unique band structure, semimetals show remarkably different
electronic properties from metals and insulators. The two-dimensional material graphene is the
most famous example of semimetal with a vanishing gap. The CB and VB intersect at Dirac
points, so graphene is a Dirac semimetal. In the past few years, another type of semimetal has
been proposed for a number of three-dimensional compounds [25, 45, 46]. In Weyl semimetal,
discrete band-crossing points near the Fermi level are called as Weyl nodes. The Weyl equation

is used to describe the behavior of Weyl semimetal in particle physics.

Experimentally, Weyl semimetal phase have been realized in bulk materials by Angle-
resolved photoemission spectroscopy (ARPES) measurements, such as TaAs-class materials
and MoTe; [47, 48]. For oxides, 5d TM oxides are considered to be ideal systems to look for
topological semimetal phase because the strength of SOC and that of interaction are
comparable for 5d transition metal [46]. For example, the pyrochlore iridates A2Ir.O7 (A =
yttrium or a lanthanide element) and perovskite iridates were suggested to be Weyl semimetals
[25, 49, 50]. The studies of topological semimetal are still on progress which induces many

manifestations in transport properties of materials [51].



Fig. 1.7 Schematic illustration of different types of semimetals. (a) Semimetal with VB and
CB touching. (b) Semimetal with VB and CB overlapping in different momentum point. (c)
Topological semimetal owns linear energy dispersion in the bulk. (d) Topological semimetal
has additional hole pockets near the Weyl point [44]

1.3.3 Half metallicity

Half metal is defined by a unique electronic structure, showing conduction by charge
carriers of one spin direction exclusively. In the half metallic materials, only one of the two
spin directions are metallic. In another word, the electrons sharing the same spin are responsible
for the metallic behavior and the electrons with opposite spin are insulating [52]. The half
metallicity has been proposed since the early 1980s. In the past two decades, the materials with
half metallicity has been realized in real compounds. A number of alloys and oxides compounds
have been suggested to be half metals with 100% spin polarization, such as semi-Heusler alloy
NiMnSb [52], Sr2FeMoOs [53], La1xStxMnO3 [54], CrO2 [55] and etc. From the view of point
of band gap, the origin of half metal can be classified as three types, covalent band gap, charge-
transfer band gap, and d-d band gap [56]. NiMnSb is a well-known example for the first
category, covalent band gap. Half metals in this category are weak magnets [56]. In contrast,
half metals with charge-transfer band gaps were found in strongly magnetic compounds such

as CrO> [55, 57] and double perovskite SroFeMoOs [53]. In this category, the d bands of
10



transition metals are empty for the minority spin direction while the itinerant electrons of the
transition metal’s s and p orbitals are localized on the anions [56]. The third category of half
metals show narrow bands occurred between crystal field splitting (CFS) bands. Materials in

this class are weak magnets such as Fe3O4 [58], and FexCo1xS2 [59].
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Fig. 1.8 The density of states of Sr2FeMoOs [53]

In the past two decades, the unique class of double perovskite compounds was reported
to be half-metallic material accompanied by high Curie temperature (7c) ferrimagnetic property.
Apart from SroFeMoOs, the high-7¢ half metals crystallizing into double perovskite structure

still include Sr2CrWOs [60], SroCrReOs [61, 62], Sr2CrMoQOs [63], and SroFeReOg [64]. The
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spins of of Fe** (§ = 5/2) and Mo>* (S = 1/2) couple antiferromagnetically in a cubic ordered
perovskite structure SroFeMoOs, it has only one electron in the 5d tag minority-spin orbital
which is located at the Fermi level. This delocalized electron shared by Fe and Mo through the
oxygen orbitals, behaving like a conduction electron and show spin-polarized. Its density of
states is shown in Fig 1.8. The ferrimagnetic transition temperature observed for Sro2FeMoOg
is 420 K, which make it possible to be applied for a practice device at room temperature.
Resulting from its half metallic property, the resistivity is as low as 8x107 Q cm. The magnetic
and transport properties for this family of half metallic materials are listed in the Table 1.1.

Table 1.1 Comparison of and several half-metallic compounds. p29s x, 7m and M are

resistivity at 298 K, magnetic transition temperature and saturation magnetization, respectively.

Compound P08k (€ cm) Tm (K) M (ps/fu.) Reference
SroFeMoOs 8x 1073 420 3.1 [53]
SroFeReOs 1x 102 400 2.6 [64]
Sr2CrMoOs 8x 1072 ~300 0.5 [63]
Sr2CrWOs ~1.1x 102 458 1.1 [60]
Sr2CrReOs 10-3-1072 635 0.86 [64]

1.3.4 Metal-Insulator transition (MIT)

Normally, a material is either to be a metal or an insulator, according to the position
of the Fermi energy. However, in some certain cases, the electronic states in a metallic material
can leave from extended states to localized states, thus a transition takes place. MITs can be
divided into two groups, structural phase transition induced MIT and purely electronic
transition [65, 66]. There are two types for the insulating phase associated with MITs, either
band insulators or Mott insulators [67]. The MIT for band insulator is induced by change in

crystal structure which belongs to the structural MIT. If the onsite Coulomb interaction (U) is

12



comparable to the bandwidth (W), leading a material to become a Mott insulator. The transition
from the Mott insulator to the metal can be induced by the conditions like temperature,
magnetic field, pressure, or doping [68]. The physical properties of Mott insulator are quite
different from those of band insulator, as measured by transport, magnetic, and optical. Except
for Mott transition, Anderson proposed another mechanism that the disorder can drive a MIT
in a system of noninteracting electrons which is caused by impurities [69]. In addition, Slater
suggested that long-range magnetic order drives another type of MIT in a three dimensional
system [70]. The experimental studies of MITs in correlated metals mostly occur in transition

metal compounds because of d-electron [68].

1.3.4.1 Mott transition

Mott MIT transitions are driven by electron-electron interactions, which should be
purely electronic in origin but not assisted by structural transitions. However, the MITs are
usually accompanied by structural transition in bulk materials in practice [67]. In Mott’s
original formulation, the existence of the insulator does not depend on whether it is magnetic
or not. The strong Coulomb interactions (U) in Mott systems open a gap at the Fermi energy,
forcing the Mott MIT to occur, which is independent of magnetic correlations. V>O3 and its

derivatives are classical Mott-Hubbard system and V203 shows a MIT at 160 K [71].

1.3.4.2 Slater transition

Unlike Mott transition, the long-range ordering plays a significant role in Slater
transition. The continuous MIT for pyrochlore Cd,0s20O7 was suggested to be driven by
antiferromagnetic (AF) order at 226 K although its magnetic frustration complicates the MIT
[72, 73]. Perovskite NaOsO3 was found to show a transition from metallic phase to an AF
insulator at 410 K on cooling [74, 75]. The schematic of a Slater MIT is shown in Fig. 1.9. The

insulating band gap is created with the occurrence of AF order.
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1.3.4.3 Anderson transition

Anderson localization is another driving force to produce a continuous MIT in solids.
Anderson localization was firstly suggested by Anderson in 1958 [69], which describes strong
disorder can localized electronic states at the Fermi energy, leading to the transition to an
insulator associated with localized states from a metal displaying diffusive transport. The
transitions driven by Anderson localization differ from ones by Mott transition, which is
quantum interference effects relying on degree of disorder in the system [76]. Anderson
localization has been confirmed experimentally in one-dimension (1D) materials [77, 78] and
two-dimension (2D) materials [79, 80], but for three-dimension materials, the MITs are not
purely caused by Anderson localization generally [81]. Polycrystalline GeTe-Sb,Te; system
was one of the limited examples reported to occur MIT solely driven by disorder [82, 83].
Recently, MIT in single crystal LixFe;Seg was found to stem from a strong disordered potential
associated with Li doping to Fe;Ses [84]. Fig. 1.10 shows the schematic of DOS evolution in
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LixFesSes system. With the doping of Li, the disorder is introduced and MIT occurs when the
mobility edge Ewm shifts below Fermi energy Er. Further, the higher doping of Li leads variable-

range hopping (VRH) to become more prominent in this system.

N(E)
Fig. 1.10 Schematic of DOS evolution in LixFe7Ses system [84]

1.3.5 High-Tc ferrimagnetism in double perovskite oxides

A class of ferrimagnetic double perovskite oxides (DPOs) has been discovered to
exhibit considerably high 7: and novel electronic ground state. The high 7. ferrimagnetic DPOs
range over several orders of resistivity from metallic and insulating materials. At the metallic
side, the high-T. ferrimagnetic DPOs show half metallic properties, such as SroFeMOg (M =
Mo, Re) [53, 64], Srn.CrMOs (M = Mo, W, Re) [60, 63, 64]. At another side, Sr2CrCrOg is
unique, exhibiting the highest magnetic transition temperature (7c = 725 K) [26] and insulating

behavior.

As the most well-known half-metal with high 7c, the half-metallic nature of
SroFeMoOgs was discussed above. Erten et al. proposed a comprehensive theory for
understanding the electronic and magnetic properties of SroFeMoOs through deriving and
validating a new effective spin Hamiltonian, which can be amenable to other materials in this
class [85]. The itinerant electrons from electron from #,, orbitals of Mo>* (4d") ions hybridizes

with the Fe** (3d°) t, state via O*" ions and double exchange mechanism can describe the
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interaction between the local moment and the itinerant electrons (shown in Fig. 1.11). It has
been suggested the ferrimagnetism in this class of high-7. ferrimagnetic DPOs is kinetic energy
driven. Erten et al. also concluded that the ferrimagnetic 7. can be enhanced by adding excess

Fe with substitution of Sr by La.
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Fig. 1.11 (a) Schematic of energy levels at Fe*" (3d°, S = 5/2) and Mo>* (4d', S = 1/2) in two
unit cells of SroFeMoOQOg. The parameters t, t” and A are Hamiltonian, governing the dynamics
of the itinerant electrons in #z orbitals. (b) Calculated electronic structure £ (k) and the spin-
resolved DOSs. [85]

Unlike the class of half-metallic DPOs with high 7., Sro2CrOsOg¢ has completely filled
5d t>g minority-spin orbitals and the majority-spin ones are still gapped, which make it become
the end point of a fully spin-polarized metal-insulator transition. The spin-polarized 5d band of
Sr2CrCrOgs was thought to shift below the Fermi energy, resulting its insulating behavior, shown
in Fig. 1.12 [26]. The magnetic transition temperature is scaled with the bandwidth in the
conducting minority-spin channel. Doping La*" into alkaline earth sites is thought to be an
effective way to change the band filling such as LaSrFeMoOs and LaCaCrWOs [86, 87].

Alternatively, replacement of W>* (5d") or Re®* (54°) in St2CrWOgs or Sr2CrReOg by Os** (54°)
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raise the 7. from 458 K for Sr2CrWOg [60], 635 K for Sr2CrReOg [64] to 725 K for Sr2CrOsOg

[26].

So far, several density function theory calculations for SroCrCrOs have been proposed,
however, the mechanism for its high 7. ferrimagnetism is still an open question. K.-W. Lee and
W. E. Pickett proposed that Sr2CrOsOg is a near-half metallic antiferromagnet and a large spin-
orbit coupling reduces Os spin moment [88]. However, the significant SOC of Os is not
supported by X-ray magnetic circular dichroism (XMCD) experimental results, a quite small
magnetic moment of 0.015 puB/f.u. was observed on Os orbital [26]. A model for multiorbital
material suggested that it is a Mott insulator and the net moment observed in Sr2CrOsOg arises
from spin canting [89]. But the canted magnetic structure did not confirm with neutron powder

diffraction measurement [90]. So far, the physical nature of Sr2CrOsOs is ambiguous.

tyy-5d 4

i,

__Ta(AFM-)

DOS (states/eV/f.u.)

energy (eV)

Fig. 1.12 Left: band-structure sketch for different fillings of the 5d spin-down band (Sr2CrMOs
with M = Ta, W, Re, Os). Right: band-structure calculation for Sr2CrOsOs with GGA+SO [26]

1.4 Objectvie of this thesis

The main motivations behind this thesis work are to explore novel properties of 5d

metal related oxide compounds, as well as to enhance the electronic or magnetic behavior of
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material. In this thesis, several new 5d metal containing oxides were synthesized under high-
pressure and high-temperature conditions. Through studying the crystal structures and physical

properties of these compounds, there are three main topics discussed in this thesis as below.

(i) Crystal structure and physical properties of a mercury oxide HgPbOs3

5d TM oxides are considered to be ideal systems to look for topological semimetal
phase because the strength of SOC and that of interaction are comparable for 54 transition
metal [46]. Recently, HgPbOs was suggested to be a candidate of Weyl semimetal according to
first-principles calculation [91]. Although HgPbO3s was firstly synthesized in 1973 by Sleight
and Prewitt, its crystal structure has not been solved well because of oxygen placement issue
[92]. The crystal structure of HgPbOs3 will be characterized by single-crystal X-ray diffraction
and powder synchrotron X-ray diffraction and its electronic properties will be discussed in

Chapter 3.

(ii) The effect of high-pressure treatment on the crystal structures and magnetic

properties of hexagonal-perovskite osmium oxides BazMQOs209 (M = Cu, Ni)

High-pressure synthesis method promotes the discovery of new solid-state materials.
In some cases, high pressure can stabilize phases with high density. For example, the hexagonal
perovskite can transform gradually under high pressure in the sequence of 9R (chhchhchh)-4H
(chch)-6H (cchech)-3C, such as BaRuO3 [93]. A new 6H perovskite oxide BazCuOs209 was
synthesized under ambient pressure and reported recently, which exhibits antiferromagnetically
ordered state below 47 K [94]. In Chapter 4, the effect of the high-pressure and high-

temperature treatment on the structure and magnetic behavior of Ba;CuOs209 will be discussed.

(iii) The effect of substitution of Cr by Ni on the magnetic and electronic

properties of 3d-5d hybrid double perovskite Sr2CrOsOs
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As aforementioned, the physical nature of high high-T7, ferrimagnetism for Sr,CrOsOs¢
is still an open question. As the end point of a fully spin-polarized metal-insulator transition,
the completely filled 5d > minority-spin and the majority-spin orbitals in SroCrCrOg play vital
roles in its unique properties. The change of the band filling is thought to be an effective way
to enhance materials’ magnetic behavior [26]. In order to further understand the mechanism
behind physical properties of Sr2CrOsOs, the replacement of Cr by another 3d transition metal
Ni partially will be employed to change the band filling of Sr2CrOsOs and the variations of
structure, electronic and magnetic properties of these Ni-substituted Sr2CrOsOs will be

discussed in Chapter 5.
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Chapter 2 Experimental methods

2.1 Sample preparation: high-pressure method

Pressure is an important variable in materials science. In the past few decades, high-
pressure synthesis has undergone a renaissance with improvement of designs and techniques.
The ‘large-volume’ synthesis presses have developed several different types, including belt,
multi-anvil, toroidal and piston-cylinder designs [1]. In this thesis, the high-pressure synthesis
methods were employed to all the samples, involving in belt and multi-anvil two types of

instrument.

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

The belt-type high-pressure apparatus can yield static pressures up to 6 GPa. The
electrical heating system is installed in the high-pressure apparatus, which can heat the sample
to 2000 °C with simultaneous maintaining pressures. Fig 2.1 shows the image of the belt-type
high-pressure apparatus and its control panels of press and heating. The apparatus contains two
high-pressure anvils, upper and lower, and a high-pressure cylinder installed between the two
anvils. Pyrophyllite cell in addition to gaskets are utilized as pressure transmitting medium,
electrical insulation, and thermal insulation. The samples are sealed in the Pt capsules, which

are heated by passage of an electric current through a tabular graphite.

The powders of starting materials were thoroughly mixed, followed by sealing in a Pt
capsule. The whole procedures were conducted in an Ar-filled glove box. The sealed Pt
capsules and pyrophyllite cell assembly was shown in the right of Fig 2.1. The assembled
samples and gaskets were set in the apparatus and compressed to 6 GPa. The samples were
being heated at various temperatures for 1 hour with maintaining the pressure of 6 GPa.

Subsequently, the temperature was quenched to room temperature before the gradual release
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of pressure.

| Press Control Panel

Fig. 2.1 Belt-type high pressure apparatus set in National Institute for Materials Science

(NIMS), and the schematic diagram of the capsule and sample container.

2.1.2 Multi-anvil-type high-pressure apparatus (CTF-MA1500P, C&T Factory Co., Ltd,

Japan)

The multi-anvil-type apparatus utilized to synthesize part of samples in this thesis can
give support for reaching a high pressure of 6 GPa and simultaneously temperatures up to
1700 °C. A multi-anvil press is a high-pressure apparatus in which samples can be compressed
with more than three anvils. In the multi-anvil apparatus used in this thesis, six anvils with
guide blocks create a cubic compression space. Therefore, a cubic pyrophyllite cell was used
in the high-pressure experiment. The preparation of starting materials and the procedure of
high-pressure and high-temperature experiment operated in multi-anvil-type apparatus are

same as which in belt-type apparatus.
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Fig. 2.2 (a) Image of multi-anvil-type apparatus. (b) Image of the four anvils and the cubic

compression space. (c) The schematic of cubic pyrophyllite cell.

2.2 X-ray diffraction measurement

X-rays are electromagnetic radiation of wavelength ranging from 107 to 10"'' m. The
spectrum of X-rays occurs in that part of the electromagnetic spectrum, shown in Fig. 2.3.

Bragg’s law is used to treat diffraction by crystals, which can be written as follow:
2dsiné = n/A,

where d is the perpendicular distance between pairs of adjacent planes, # is the angle of

incidence. Fig. 2.4 shows the derivation of Bragg’s law.

\
y-rays X-rays uv || IR micro- radio
S wave
| | 1 | | | 1 1 | 1 1 |
-1 -9 -7 -5 -3 -1 1
log(A./ m)

Fig. 2.3 The electromagnetic spectrum [2]
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2/

Fig. 2.4 Derivation of Bragg’s law. Two X-ray beams, 1 and 2, are reflected from adjacent
planes, A and B. The reflected beams 1’ and 2’ are in-plane. [2]

2.2.1 Laboratory powder X-ray diffraction

Laboratory powder X-ray diffraction (XRD) is convenient to be used for phase
identification and structure determination. In this thesis, the laboratory XRD measurements
were carried out using a Desktop X-ray Diffractometer MiniFlex (Rigaku) equipped with a

graphite monochromator and Cu-Ka radiation (A = 1.5418 A).

Fig. 2.5 Image of Desktop X-ray Diffractometer MiniFlex (Rigaku)
2.2.2 Synchrotron powder X-ray diffraction

Synchrotron X-ray is emitted when electrons are accelerated and circulate in ultra-

high vacuum tubes or storage rings. A simplified sketch of a storage ring is shown in Fig. 2.6.
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Synchrotron radiation can give higher resolution in powder XRD data than laboratory X-ray

source since the beams are accurately parallel and of extremely high intensity.

Synchrotron
radiation

Injection () Storage
of electrons rng

e

Bending
magnet

Fig. 2.6 Schematic diagram of a synchrotron storage ring

The synchrotron XRD data were collected in BL15XU beamline, Spring-8, Japan. A
high-precision powder X-ray diffractometer Debye-Scherrer camera is installed on the
BL15XU beamline (see Fig. 2.7) and the incident X-ray wavelength of 0.65298 A was used

for measurements in this thesis.

Fig. 2.7 Picture of the BL15XU in Spring-8.
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The powder sample were put in glass capillaries of 0.1 mm in diameter and the XRD
patterns were collected in 0.003° increments over the range of 5°<20< 50°. A Rietveld analysis
was applied to the synchrotron XRD pattern by using the RIETAN-FP and VESTA software

packages [3, 4].

2.2.3 Single crystal X-ray diffraction

Single crystal of HgPbO3 was also examined by single crystal XRD in a RIGAKU
Saturn CCD diffractometer equipped with VariMax confocal optics for Mo-Ka radiation (A =
0.71073 A) at temperatures of 113 K and 300 K. Preliminary structure was solved by SHELXT
[5] and refined by applying a full-matrix least-squares method to F? by using the SHELXL-

2016/6 program [6].

2.3 Magnetic properties measurement

Magnetic properties were measured in a magnetic property measurement system
(MPMS, Quantum Design, Inc.), as shown in Fig. 2.8. Magnetic susceptibility (y) can be
measured at temperatures between 2 and 400 K under field-cooling (FC) and zero-field-cooling

(ZFC) conditions. The field dependence isothermal magnetizations can be collected between

+70 kOe and -70 kOe.

Fig. 2.8 Picture of the MPMS-7T in NIMS Namiki-site
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2.4 Electrical properties measurement

The electrical transport properties were measured using the Physical Property
Measurement System (PPMS, Quantum Design Inc.), as shown in Fig. 2.9. The resistivity (p)
or Hall resistivity (pn) of polycrystalline samples were measured at temperatures of between 2
K and 400 K by using a four-probe method. Silver paste and gold or platinum wires (30 um in

diameter) were utilized to connect the platelet to the device terminals.

The magnetoresistance (MR) was also measured in PPMS at 5 K via MR = [p(H)-

p(H=0)]/p(H=0) x 100%, in which H is an applied magnetic field with a range of - 50-50 kOe.

Fig. 2.9 Picture of the PPMS-9T in NIMS Namiki-site

2.5 Thermal properties measurement

The specific heat capacity (Cp) was measured by applying a thermal-relaxation method
from 2 K to 300 K with Apiezon N grease, which thermally connects the material to the holder
stage. In some cases, the C;, -T curves were measured using Apiezon-H grease in a temperature

range from 350 to 200 K. The measurements of C, were also carried out in PPMS.
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Chapter 3 High-pressure synthesis, crystal structure, and semi-

metallic properties of HgPbO3

3.1 Introduction

The provision of new material seeds for assisting the development of multifunctional
devices that can simultaneously perform magnetic, electronic, and optical functions is a goal
of materials research. The recent discovery of the coexistence of ferroelectric lattice instability
and metallic conductivity in bulk LiOsO3 [1] and thin-film LaNiOs3; on a LaAlOs3 substrate [2]
implies that electronic polarization and conduction could be combined in a device.[3, 4] The
generalized concept of a “polar metal” is thus no longer hypothetical,[5] but rather
multifunctional. Certainly, polar metals appear to be moving away from the materials

development stage and into practical applications.[2-4, 6-8]

Li et al. recently demonstrated, using first-principles calculations, that ferroelectricity
can also coexist with a Weyl semi-metal.[9] This coexistence is predicted to occur when the
space group changes from R-3c¢ to R3c as a result of a bulk oxide HgPbOs losing its
centrosymmetry. The proposed concept is entirely new, and we therefore believe that HgPbOs

should be studied further to determine whether the theoretical prediction is correct.

Ternary oxide HgPbOs was synthesized for the first time by Sleight and Prewitt in
1973.[10] A polycrystalline bulk was synthesized by a solid-state reaction under pressures of
3—6.5 GPa and a temperature of 600-1000 °C. The electrical resistivity (p) was reported as
being in the order of 10 Qcm at room temperature, suggesting the presence of metallic
conduction (no further transport data have been reported to date). At the same time, mercury
titanite (HgTiO3) was synthesized in the same manner under a pressure of 6.5 GPa and a
temperature of 800—1100 °C. It was reported to be electrically insulating (p = 109 Qcm at room
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temperature). It should be emphasized that a structural analysis was conducted only for the
HgTiO3 and not for the HgPbO3. This was “because problems with oxygen placement would
be even more severe than for HgTiOs,” [10] so the structure of the HgPbO3 was assumed to be
similar to that of HgTiOs. In the present study, oxygen problems were not an issue given that

the accuracy of the instrumentation technology had been improved in the interim.

In the same way as the common LiNbOj ferroelectric oxide, it was clarified that the
structure of electrically insulating HgTiO3 is also non-centrosymmetric (R3c) at room
temperature.[10, 11] To date, however, it has not been clear whether the structure of conductive
HgPbOs is centrosymmetric. In the present study, we synthesized a polycrystalline bulk of
HgPbOs using a similar technique under a high pressure of 6 GPa and a temperature of 800 °C.
As such, we were able to grow single crystals (< 0.2 mm) under the high-pressure conditions
at 1000 °C by adding a mixture of PbO and PbF,. Based on single-crystal X-ray diffraction
(XRD) as well as the powder synchrotron XRD of HgPbO3, the structure at room temperature
cannot be described by any of R-3¢, R3¢, or R3m, but can be described by R-3m, indicating that

HgPbOs is other than non-centrosymmetric at room temperature.

Furthermore, phonon excitation of an anharmonic vibrational mode occurs around 50
K upon cooling, suggesting that the probability of a martensitic transition from R-3m to R3m
is considerably lower, even at low temperatures. At 113 K, single-crystal XRD did not detect
any trace of a non-centrosymmetric transition. In addition to the structural studies, electronic

transport measurements revealed that HgPbOs is an oxide semi-metal, which is very rare.

3.2 Experimental details

Polycrystalline HgPbO3 was synthesized by a solid-state reaction from powders of
HgO (99.9%, Kojundo Chem. Lab. Co., Ltd.), PbO2 (99.9%, Kojundo Chem. Lab. Co., Ltd.),

and KCIO4 (> 99.5%, Kishida Chem. Lab. Co., Ltd.). The powders were thoroughly mixed at
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10 at.% Pb-rich stoichiometry, followed by sealing in a Pt capsule. The mixing procedures were
conducted in an Ar-filled glove box. Under a pressure of 6 GPa, generated in a multi-anvil-type
apparatus, the capsule was heated to 800 °C for 30 min, after which the pressure was gradually
released. Single crystals of HgPbO3 were grown in the same apparatus by adding a mixture of
10 mole% PbO (99.999%, Kojundo Chem. Lab. Co., Ltd.) and 11.7 mole% PbF> (99.9%,
Kojundo Chem. Lab. Co., Ltd.) to the starting mixture. The pressure of 6 GPa was maintained
during heating to 1000 °C for 1 h. The crystals obtained were rinsed with water and dried in an
oven at a temperature of less than 100 °C. The resulting crystals were shiny and black. Typically,

the crystals measured no more than 200 pum in their largest dimension.

The high-pressure-synthesized product was investigated by powder XRD at room
temperature using Cu-Ka radiation (1 = 1.5432 A) in a commercial apparatus (RIGAKU-
MiniFlex 600). A selected product was subjected to a synchrotron XRD study at room
temperature using the high-precision powder X-ray diffractometer installed at the BL15XU
beamline, SPring-8, Japan.[12, 13] A Rietveld analysis was applied to the synchrotron XRD
pattern by using the RIETAN-FP and VESTA software packages.[14, 15] Selected single
crystals, having the largest dimension no more than 60 um, of HgPbO3 were examined by XRD
in a RIGAKU Saturn CCD diffractometer equipped with VariMax confocal optics for Mo-Ka
radiation (A =0.71073 A) at temperatures of 113 K and 300 K. Preliminary structure was solved
by SHELXT [16] and refined by applying a full-matrix least-squares method to F? by using the

SHELXL-2016/6 program.[17]

The p of polycrystalline HgPbO3; was measured at temperatures of between 2 K and
300 K by using a four-probe method. The gauge current was 3 mA. The Hall resistivity (pn)
was measured on a rectangular polycrystalline platelet (2.58 x 1.90 x 0.60 mm?) using a four-
probe method combined with alternating current transport (10 mA). Silver paste and gold wires

(30 um in diameter) were utilized to connect the platelet to the device terminals. The specific
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heat capacity (Cp) was measured by applying a thermal-relaxation method from 2 K to 300 K
with Apiezon N grease, which thermally connects the material to the holder stage. The values
of C, as well as p and py were measured using the Physical Property Measurement System
(PPMS, Quantum Design Inc.). The magnetoresistance (MR) was also measured in PPMS at 5
K via MR = [p(H)-p(H=0)]/p(H=0) x 100%, in which H is an applied magnetic field with a
range of - 50-50 kOe. The magnetic properties were measured using the Magnetic Properties
Measurement System (MPMS, Quantum Design Inc.). The magnetic susceptibility (y) was
measured at temperatures of between 2 K and 400 K in a fixed applied magnetic field of 10
kOe under field-cooling (FC) and zero-field-cooling (ZFC) conditions. For reference, the
temperature dependence of y of loosely compacted Bi powder (99%, 200 mesh, Rare Metallic
Co., Ltd.) was measured under the same conditions. The isothermal magnetization (M—H) was
measured for a sweeping field ranging from - 70-70 kOe at various temperatures. Sample

holder contributions to all magnetic data measured in MPMS were subtracted using null data.

3.3 Results and discussion

By adjusting the ratio of the HgO and PbO: starting materials, the 10 at.% Pb-rich
stoichiometry was found to be optimum for minimizing the formation of impurities in the target
polycrystalline HgPbOs product. The need for excess PbO: in the starting materials may be due
to the reaction between the Pt capsule and the outer parts of the starting materials under the
synthesis condition. Indeed, the inner surface of the Pt capsule after synthesis was impure,
supporting the possibility. In the absence of excess PbO», a small amount of HgO was present
in the products (Fig. 3.1). While, PbO> was detected by XRD when excess PbO> higher than
10 at.% was added. Furthermore, to avoid possible oxygen deficiency, an excess KClO4 oxygen
source was added to the starting mixture according to the reaction formula HgO + 1.1PbO; +
(y/4)KCl1O4 (0 <y <£0.3). Overall, the XRD patterns were well characterized by assuming a

hexagonal unit cell with a space group of R-3m (clarified by single-crystal XRD, as shown
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later), regardless of the value of y. All the peaks were indexed by hkl numbers, except for the
one very small peak which is indicated by an asterisk (bottom pattern in Fig. 3.2a). The
uncharacterized peak was most likely caused by unidentified impurities. The hexagonal lattice
parameters were calculated from the pattern analysis and plotted against y (Fig. 3.2b); we were
able to see a small but systematic change. With an increase in the amount of KCIO4 from y =
0 to 0.3, the major peaks exhibited a tiny right-shift trend (inset of Fig. 3.2a), reflecting a
probable change in the oxygen content of the compound. As a result, the quality of the
compound synthesized at a HgO:PbO2:KClO4 ratio of 1:1.1:0.075 was the highest under the
high-pressure synthesis conditions. The highest-quality polycrystalline HgPbOs; was nearly
oxygen-stoichiometric because the lattice parameters did not change by much when a further
oxygen source was added. In addition, the single-crystal XRD also did not detect any feature

suggesting oxygen deficiency beyond the resolution.

Cu-K HgO + xPbO,

N BTN

L T

Intensity (arbitrary unit)

20 (degree)

Fig. 3.1 Powder XRD patterns of high-pressure synthesized products with various ratios of
starting powders HgO and PbO;. The red and blue arrows point HgO and PbO> peaks,
respectively. Residual HgO or PbO» is present if the ratio of HgO to PbO; is less than or greater
than 1.1.
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Fig. 3.2 (a) Powder XRD patterns of high-pressure synthesized products with various starting
compositions. The inset is a horizontal expansion. The vertical broken line is for reference.
Every pattern can be fully characterized by a trigonal cell with a space group of R-3m
(hexagonal setting). The asterisk indicates the largest impurity peak, which presumably comes
from HgO. (b) Unit cell parameters and volume, V, estimated by the powder XRD, vs. the
starting composition y.

Selected single crystals of HgPbOs; (< 60 um; Fig. 3.3a) were investigated using a
single-crystal XRD method and the structural parameters were successfully refined. The
measurement conditions and refined parameters are summarized in Tables 1 and 2, respectively.
Often, HgPbO3 appears as a LiNbOs-type oxide with a non-centrosymmetric lattice (space
group R3c) in the literature.[18, 19] The present study, however, could not confirm the non-
centrosymmetric feature. Fig. 3.3b—d show synthetic precession photographs of the
diffractions observed from a single HgPbOs crystal. Along the projections, both odd and even
numbers of 4kl reflections can be confirmed. The combination of odd and even numbers is

unlikely to be caused by twinning. Therefore, the reflection condition does not satisfy the

requirement for the R3¢ and R-3¢ space groups but satisfies the condition for either the R-3m
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or R3m space group. Although the R3¢ and R-3¢ space groups are rather common in LiNbO3-
type oxides,[ 18] R-3m or R3m have been observed in limited numbers in related oxides such

as RbNbOs [20] and KNbO3.[21]

Fig. 3.3 (a) Photograph of crystals of HgPbOs grown under high pressure. (b) Synthetic
precession photographs of all observed diffractions for a selected crystal of HgPbOs3; hk0
projection, (c) Ok/ projection, and (d) 40/ projection.
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Table 3.1 Crystallographic and structure refinement data for HgPbOs at 300 K.?

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions
Volume

z

Density (calculated)
Absorption coefficient
Fooo

Crystal size

26 for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F>
Final R indices [l >2o(1)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

HQ1.02PbO3

459.63

300(2) K

0.71073 A (Mo K,)

Trigonal

R-3m:H

a=5.7631(2) A, ¢ =7.2903(3) A
209.695(17) A3

3

10.848 g cm’?

114.966 mm!

559

0.058 x 0.054 x 0.040 mm?
4.950- 46.189°
-9<h<10,-11<k<9,-14<1< 14
1926

246 [R(int) = 0.0416]

98.2%

Semi-empirical from equivalents
0.1083 and 0.2894

Full-matrix least-squares on F>
246/1/17

1.258

R1=10.0131, wR, = 0.0362
R1=10.0132, wR, = 0.0369
0.0080(6)

2.181 and —2.550 eA

& Accession code to the Cambridge Crystallographic Data Centre (CCDC) is 1824924.
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Table 3.2 Atomic coordinates and equivalent isotropic displacement parameters (U,
10° A?) and anisotropic displacement parameters (Ui; 102 A?) as measured by X-ray
diffraction on a single-crystal HgPbOs at 300 K.*

Site WP®  Occp. X y z Ue ©

Pb 1 13 213 1/6 6(1)

Hgl 3¢ 0948(8) 213 13 13 17(1)
Hg2 6c  0035(4) 23 13 0.2520(20)  5(2)

0 18f 05 13 0.0448(7)  2/3 18(1)

Site Un Uz Uss Uz Uis Ui

Pb 6(1) =Un 7(1) 0 0 =0.5%xUy
Hgl 10(1) =Uy 30(1) 0 0 = 0.5xUy
Hg2 3(1) =Un 9(5) 0 0 =0.5%xUy
0 1902)  13(1) 24(2) =2xU  -16(1) = 0.5xUz

& Accession code to the Cambridge Crystallographic Data Centre (CCDC) is 1824924.

® Wyckoff positions

¢ Ueq 1s defined as one third of the trace of the orthogonalized Uj tensor. The anisotropic
displacement factor exponent takes the form -2n°[ #2a**Uyy + ... + 2hka*b*Uy).

To further confirm the structural symmetry either centrosymmetric (R-3m) or non-
centrosymmetric (R3m), we carefully refined the Hgl and Hg2 sites. Fig. 3.4a and Fig. 3.4b
show structure images of the final R-3m model drawn perpendicular and parallel to the c-axis,
respectively. The ordinal orange color balls indicate the centrosymmetric Hgl site (Wyckoff
site: 3a, Site symmetry: -3m) sharing a plane with neighbor oxygen atoms, and the light orange
balls indicate a split Hg2 site (Wyckoff site: 6¢, Site symmetry: 3m). The refined occupancy
factor clearly shows that the major Hg atoms (~95%) occupies the centrosymmetric Hgl site
locating at -3m and only few% occupies the lower symmetric Hg2 site (3m). Moreover, in a
trial, we examined the R3m model. However, it did not give any reasonable analytical result
with significantly higher R1 value (>3%). We can conclude, therefore, that the possibility of
non-centrosymmetric (R3m) HgPbOs is very small. At 113 K, the crystal structural analysis

was conducted in the same manner, and the result again supported the conclusion. The 113 K
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data are summarized in Tables 3.3 and 3.4.

b
L2 ® @ @ © ¢

Fig. 3.4 Structural images of HgPbO; drawn using the refined parameters of a single crystal
XRD study. (a) View along the [110] direction and (b) the [001] direction. The crystal structure
symmetry is trigonal (R-3m: hexagonal setting). The blue balls represent oxygen sites, which
are half-occupied. The plain and light-orange balls represent mercury sites, which are occupied
by majority (around 93%) and minority (around 7%), respectively. The gray balls represent the

lead sites which are fully occupied.
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Table 3.3 Crystallographic and structure refinement data for HgPbO3z at 113 K.2

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions
Volume

z

Density (calculated)
Absorption coefficient
Fooo

Crystal size

20 for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2
Final R indices [l >20(1)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

HQ1.0:PbO3

458.28

113(2) K

0.71073 A (Mo K,)

Trigonal

R-3m:H

a=5.7443(8)A, ¢ = 7.2570(11) A
207.38(7) A3

3

11.009 g cm?

116.704 mm*

561

0.022 x 0.021 x 0.020 mm?
4.968- 46.393°
-8<h<IL,-11<k<11,9<I<14
1672

242 [R(int) = 0.0539]

98.2 %

Semi-empirical from equivalents
0.2891 and 0.1717

Full-matrix least-squares on F2
242/0/18

1.266

R1 = 0.0305, wR, = 0.0607

R1 = 0.0325, wR; = 0.0644
0.0116(10)

5.251 and —7.972 eA

# Accession code to the Cambridge Crystallographic Data Centre (CCDC) is 1824925.
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Table 3.4 Atomic coordinates and equivalent isotropic displacement parameters (Ueg, 107
A?) and anisotropic displacement parameters (Uij; 10 A?) as measured by X-ray diffraction
on a single-crystal HgPbO3z at 113 K.2

Site WP?  Occp. X y z Ueq ©

Pb 3b 1 1/3 2/3 1/6 6.1(2)

Hgl 3a 0.943(6) 2/3 1/3 1/3 12.7(2)

Hg2 6C 0.035(3) 2/3 1/3 0.248(3) 10(2)

0] 18f 0.5 1/3 0.0417(10) 2/3 17(1)

Site Un U2 Uss Uz Uiz U

Pb 59(2) =Un 7(2) 0 0 = 0.5xUy

Hgl 78(2) =Un 23(1) 0 0 = 0.5xUy

Hg2 10) =Uy 10(6) 0 0 = 0.5xUy

0 22(3)  15(2) 17(2) =2xUs  -9(2) = 0.5xUy
? Wyckoff positions

® Ueq is defined as one third of the trace of the orthogonalized Ujj tensor. The anisotropic
displacement factor exponent takes the form -2n%[ h2a*?Uy + ... + 2hka*b* Un2].

The final structural solution obtained from the single-crystal XRD study was
employed to investigate the average structure of HgPbOs powder. The powder synchrotron
XRD pattern was analyzed using the Rietveld method. Fig. 3.5 shows the final refined pattern
for a refinement quality of Rwp = 1.677% and R, =1.302%. No noticeable impurities were
detected. The refined structural parameters are summarized in Table 3.5, showing that there is
no significant mismatch between the sets of parameters for the single crystal and those for the
powder HgPbOs. Both sets seem to accurately represent the crystal structure of HgPbOs,
synthesized under a high pressure of 6 GPa. Note that the structure refinement reveals large
thermal displacement parameters of the major Hg atoms at Hgl site, especially anisotropic
displacement parameter Uss [= 23(5) x 10 A?]. The large atomic displacement parameters
were also discovered in the B-pyrochlore oxides RbOs>Os [Uiso = 34.1(9) x 102 A?] [22] and
CuCus V4012 [Uiso = 44.6(9) x 107 A?] at 300 K.[23] The characteristic thermal displacement
features may be connected to phonon excitation of an anharmonic vibrational mode (shown

later) as discussed previously.[23]
48



A=0.65298 A
1.0 #
#
i HgPbO,
) "
S ! R-3m (no. 166)
3 i a=5.74405(6) A
o 5 ¢ =7.25405(8) A
= +
=05
2
2
=
0.0 1l I [ | [N 1l 111 1 (] m o [INOEIaT
| it e i NI
5 10 15 20 25 30 35 40 45 50

26 (degree)

Fig. 3.5 Rietveld refinement of the powder synchrotron XRD profile (1 = 0.65298 A) collected
at room temperature. The crosses and solid lines show the observed and calculated patterns,
respectively, with their differences shown at the bottom. The expected Bragg reflections for the

R-3m cell are marked by ticks.

Table 3.5 Atomic coordinates and equivalent isotropic displacement parameters (Ukg,
10 A?) and anisotropic displacement parameters (Ujj, 10~ A?) as measured by synchrotron X-
ray diffraction of powder HgPbOs at 300 K.?

Site WP Occp. X y z Ueq

Pb 3 I 13 213 1/6 4703)
Hgl  3a 0.927(3) 2/3 13 13 18.8(5)
He2  6c 0037 23 13 02433)  =Hgl

0 18 05 13 0.037(1) 213 38(3)
Site Un Uz Uss Uzs Uis Uz

Pb 34(5) =Un 720 0 0 = 0.5xUy;
Hgl  139(7) =Un  23(5) 0 0 = 0.5xUyy

& Accession code to the Cambridge Crystallographic Data Centre (CCDC) is 1824962.

Space group: R-3m (Trigonal; A-166); lattice constants a = 5.74405(6) A and ¢ = 7.25405(8)
A; cell volume =207.289(4) A3; dear = 10.943 g cm™>; Chemical formula sum: HgPbOs (Z = 3);
and the final R values are 1.677% (Rwp), 1.302% (Rp), 0.479% (Rp), and 0.307% (Rr),
respectively. Temperature factors of Hg2 site were fixed as same values at Hgl site, and also

at O site it was refined at the isotropic temperature factors level.

The average bond length of Pb—O calculated from the powder synchrotron XRD data
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is 2.183 A (x 6), giving a bond valence sum (BVS) [24] is 4.10. This is slightly higher than the
expectation obtained from the tetravalent state of Pb, implying that Pb is somewhat over-
bonded.[25] Note that the constants B = 0.37 and Ro(Pb*") = 2.042 were used in this
calculation.[24] As shown in Fig. 3.6a, the Pb atom is coordinated by 6 oxygen atoms to form
octahedral PbOe. This appears to be typical for Pb oxides such as APbO3 (A = Ca, Sr, Ba) [26]
and ZnPbOs.[27] However, the coordination of the Hg atoms is highly unusual (Fig. 3.6b). To
the best of our knowledge, a planar-coordinated HgOs has been reported only for HgTiOs.[10,
11] Even in complexes, the coordination examples such as the planar HgX3 (X = CI, Br’, I')

are quite limited.[28, 29]

3.025

T 3025 . 3025

w2127

b a ¢
3.025 ¥

.| 2183 o} ) 3.025
3.025

Fig. 3.6 Sketches of the local coordination of (a) Pb and (b) Hg atoms with O atoms. The
number indicates the bond length (unit: A) between the Pb/Hg and O atoms. The solid lines
indicate a hexagonal cell for which with a = 5.74413(6) A and ¢ = 7.25464(8) A.

To further analyze the coordination environment of Hg, we calculated the BVS of Hg.
To date, several parameters of Ry and B have been proposed for the Hg**—O bond. We employed
the empirical set [B = 0.37 and Ro(Hg?") = 1.972] [30] for this calculation. The planar
coordinated HgOs3 (coordination number: 3) yielded 1.97; while HgO9 (coordination number:
3 + 6) consisting of the in-plane bonds (solid bonds in Fig. 3.6b, 2.127 A x 3) and additional

out-of-plane bonds (dotted bonds in Fig. 3.6b, 3.025 A x 6) yielded 2.32. The BVS values give
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little indication of whether the out-of-plane bond (3.025 A) plays a significant role in the local
environment. Note that other combinations of B and Ry were examined in the same manner;

however, it was not possible to attain a clearer understanding.

It was confirmed that HgPbO3 exhibits metallic temperature dependence of p at
temperatures of less than 300 K (Fig. 3.7). At room temperature, p is approximately 6 x 10
Qcm, which is comparable to the values obtained for polycrystalline metallic oxides,[31] but
the temperature dependence is minimal. The roughly estimated residual-resistivity ratio (RRR)
is 1.5 and rather, the temperature dependence is similar to that of PtO, (which may be a semi-
metal) (6 x 10% Qcm at 300 K).[32] The coefficient A for the temperature dependence is
2.629(3) x 10 Qcm/K? determined from quadratic fitting (p = po + AT?; T > 2 K), which of
semi-metal Bi is 12.5(5) x 10" Qecm/K? (T > 6 K).[33] The parameters directly indicate that p
of HgPbOs3 is much weakly dependent on temperature; however, the integrated scattering
mechanism due to polycrystallinity needs to be qualitatively and quantitatively evaluated for
further analysis of the carrier transport. Since a significant MR has been observed for semi-
metals,[34, 35] we investigated the MR of HgPbOs at a low temperature of 5 K. It was, however,
remarkably small within the field range (see the inset in Fig. 3.7).

—
T=5K

4
12t 6o |
1.04 & 0F @.‘ggﬁg@g@%g&%@@é oo |
= 1 =2t ] I
G
=
<
Quadratic fitting
1 Polycrystalline HgPbO, I=3mA
00—
0 100 200 300
T (K)

Fig. 3.7 Temperature dependence of p of the polycrystalline HgPbO3, and (inset) MR at 5 K.

51



We measured pu at several temperatures between 5-300 K. Because the curve of pu
vs H shows a linear trend at every temperature within the field range (see the inset in Fig. 3.8),
we considered only the ordinary Hall term to analyze the data. The fitting was undertaken by
applying pu = RuB to the curve, where the slope (Rn) is the Hall coefficient. The Ry is plotted
against the temperature (Fig. 3.8a) and exhibits a weak temperature dependence. The plot
shows that the dominant carrier is positively charged, and the carrier concentration (n) is 7.3—
8.5 x 10%° cm™, which was calculated from the formula n = (Ru-q)’!, where g is the elementary
charge. The value of n is essentially independent of the temperature and corresponds to around
0.05/f.u. Note that n of Bi (a semi-metal) is in the order of 3.5 x 10'7 cm™, which is three orders

of magnitude lower.[36]
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Fig. 3.8 (a) Temperature dependence of Ry and (inset) magnetic field dependence of pn at 5 K.
The solid line is a fit to the data. (b) Temperature dependence of carrier mobility of the
polycrystalline HgPbOs.

Conductivity (o) of the material is determined not only by the carrier concentration
but also by the carrier mobility. This relationship is usually given by ¢ = q(uan + ppp), where
i and p,p represent the mobilities of electrons and holes, and n and p represent the concentration
of electrons and holes, respectively. In the present case, because the dominant carrier of
HgPbOs is positively charged, we applied the simplified equation ¢ = qupp to estimate the

carrier mobility. The carrier mobility was 11.7-21.5 cm? V™' s! over the temperature range
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from 300 K to 5 K, which is remarkably lower than that of Bi (2.1x 10° cm? V™! s71).[37] Fig.
3.8b shows the carrier mobility decreases with increasing temperature, indicating the influence

of lattice scattering is dominant even at low temperature.

The y of HgPbOs is only very slightly dependent on the temperature (except the low—
temperature Curie—Weiss part) as well as the transport properties (Fig. 3.9). The room
temperature y is negative at about - 1.02 x 10"* emu mol !, with a value that is as in the same
order as that of the Bi powder. As far as we know, the largest diamagnetism of elements and
inorganic compounds in the normal state (not the superconducting state) was observed for
Bi.[38] The value of y rapidly rises around 80 K upon cooling, crossing zero at 67 K. The low
temperature part of the y vs. T curve closely follows the Curie—Weiss law (solid curve in Fig.
3.9). The analytical formula, y = yo + C/(T-Tp), was used to fit the curve below 20 K, in which
xo0, C, and Ty are the temperature-independent term, Curie constant, and Weiss temperature,
respectively. The effective moment defined by pesr = (8C)"? up was estimated to be 1.02(9) u
while 7y was - 31(4) K. Since magnetic impurities in the diamagnetic host usually involve a
near-zero 7o,[39] the formation of magnetic impurities is very unlikely for this compound. In
addition, given that there is no qualitative information about the magnetic impurities, we

therefore cannot refer to the value of petr.

The inset in Fig. 3.9 shows the magnetic-field-induced isothermal magnetization at 5
K, 20 K, and 300 K. At 300 K, it exhibits a linearly negative slope that is consistent with the
diamagnetism observed in the y vs. T measurement. However, at 5 K, a qualitatively different
behavior appears; when the applied magnetic field increases, the magnetization increases, and
when the strength of the magnetic field is further increased, the magnetization gradually
saturates. Therefore, the 5 K curve appears to be composed of a saturation moment of
approximately 0.005 xg mol™!. Although the origin of the small magnetization cannot be

elucidated at this stage, since the starting powders were high-purity oxides containing only
54



nonmagnetic Pb and Hg metals (and KClOs), and since no magnetic impurities were detected
by XRD, the small degree of magnetization is unlikely to have been caused by unexpected

magnetic impurities in the compound.
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£ 1.0-
S ]
€
[}
o 05 g P, A "
= 1 -50 0 50
N ] H (kOe)
0 0_' Polycrystalline HgPbO, _|

S DD IR ) Bi powder

' T v v M ! ' ! ) v v M M I ' ' T ' I
0 100 200 300 400
T(K)

Fig. 3.9 Temperature dependence of y of polycrystalline HgPbO3, measured in a field of 10
kOe. The dotted curve is simulated by the Cure-Weiss law. The inset shows the isothermal
magnetization at various temperatures. For comparison, the temperature dependence of y of Bi

powder is shown, measured in the same magnetic field (FC).

Fig. 3.10 shows the temperature dependence of the C, value of HgPbOs. There is no
obvious anomaly over a temperature range of 2-300 K. The absence of any anomalies implies
that the possibility of magnetic moment ordering around 80 K is very low. The low-temperature
limit of the total value of C;, was analyzed by applying the approximate Debye model, Cp/T =
BoT? + y, where fo is a constant and y is the Sommerfeld coefficient. A linear feature appears in
the Cp/T vs. T? plot below approximately 3 K. As shown in the inset in Fig. 3.10, fitting to the
linear part by the model yielded fo = 7.6(2) x 10™* J mol ™' K™* and y = 1.6(1) x 107 J mol ™!
K 2. The Debye temperature (7p) was calculated from the observed fo as Tp = 234(2) K. This

y value is much smaller than those of metallic oxides such as LiOsO3 [7.7(2) mJ mol™! K] [1],

55



Ca0s0s [18.1(1)mJ mol™! K2],[40] SrOsO3 [27.3(2) mJ mol! K2],[40] BaOsOs [16.8(1) mJ
mol!' K?2],[40] Cd2Re207 [26.5 mJ mol™' K?],[41] and Cd2Ru207 [12.3 mJ mol! K2].[41] On
the other hand, it is comparable with those of nearly free electron oxides such as AgsPb>Os
[3.42 mJ mol! K2][42, 43] and PdCoOx [1.28 mJ mol! K2].[44, 45] The present result of the
small y value implies a weak electron-electron interaction in HgPbOs3, and may be consistent
with the result of relatively small number of carrier concentration and the resulting feature of

large demagnetization.

1 Polycrystalline HgPbO,

C (10 J mal" K™

p

Fig. 3.10 C;, vs. T curve of HgPbOs. The upper axis corresponds to the Dulong-Petit limit of

the lattice specific heat. (Inset) Linear fit to the Cp/T vs. 7> curve for low-temperature limit.

The Debye—Finstein model [46] was applied to analyze the lattice-specific heat (Cp—

yT)/T? vs. T curve as shown in Fig. 3.11. The following analytical formula:

TY o xie* T\ e
C(T)= 7T =ny x9N kg | — | [ 42dx+nEx3NAkB(—E) S -
TD 0 (eX —1) T (eTE/T _1)

2

where T% is the Einstein temperature, Na is Avogadro’s constant, kg is Boltzmann’s constant,

fits the curve well over a temperature range between 2 K and 300 K with the variable
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parameters of Tp = 171(4) K, Te = 50.2(3) K, np = 2.1(1), and ng = 0.313(5). Scale factors np
and ng correspond to the numbers of vibrating modes per formula unit in the Debye and
Einstein models, respectively. The fitting curve is decomposed into two components, as shown
in Fig. 3.11, indicating that the noticeable peak-like anomaly can be well characterized by the
Einstein term, implying that phonon excitation of an anharmonic vibrational mode occurs at
temperatures below 50 K. Although the low-temperature lattice specific heat is quantitatively
and qualitatively similar to that which was observed for the B-pyrochlore oxide RbOs>O¢ [47]
and the quadruple perovskite CuCu3V4012,23 HgPbO3 does not have any cage-like structures.
For comparison, the lattice-specific heat of RbOs;Ogs is plotted in Fig. 3.11 (the data were taken
from Ref. [47]). Note that the scale factors np and ng do not satisfy the expected relation np +
ng =5 (5 atoms per formula unit) from a simple Debye model with Einstein oscillators. This is
in part because the applicable temperature range of the model is much narrower than the
temperature range used in the analysis. At the very least, we can tell that the phonon density of
states (DOS) at frequencies corresponding to temperatures below 50 K constitutes a much more

complex DOS structure than the model.
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Fig. 3.11 Lattice specific heat capacity of HgPbOs3, compared with that of RbOs20¢.[47] The
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adaptation of the Debye and Einstein models to the lattice contribution is shown by the dotted

and broken curves, respectively. Their total is indicated by the solid curve.

3.4 Summary of Chapter 3

Through single-crystal XRD and powder-synchrotron XRD studies, the crystal
structure of HgPbO3 was well characterized by a centrosymmetric model with a space group
of R-3m, rather than a non-centrosymmetric model, unlike that of HgTiO3.[10] (i) The
centrosymmetry is likely to be resilient to cooling because around 93 at.% of the Hg atoms
occupy the crystallographic 3a site (-3m) sharing a plane with the neighboring oxygen atoms.
(i1) The phonon excitation of an anharmonic vibrational mode was clearly observed at low
temperature (< 50 K), in contrast to the rather static lattice feature of LiOsOs., [1, 48] (iii) Peak-
like anomalies associated with phase transitions were not evident for a temperature range of 2—
300 K in the C, measurement. Based on the experimental results (i—iii), we can conclude that
HgPbOs is unlikely to exhibit any martensitic transitions with a loss of centrosymmetry at
temperatures above 2 K. This conclusion, however, appears to contradict the results of
theoretical studies.[9] Measurements of second harmonic generation, electron diffraction, and
neutron diffraction can help to ensure the centrosymmetric feature of the HgPbOs3 structure in

future experiments.

The electronic transport measurements revealed that HgPbOs3 is metallic in nature such
that p at room temperature (~ 6 x 10* Qcm) is as low as that of metallic oxides, and it falls
further upon cooling. The carrier concentration (= 7.3-8.5 x 10** cm™) is as high as that of
metallic oxides. However, the temperature dependence of p is very weak as to be the small
quadratic fitting parameter A [= 2.629(3) x 10 Qcm/K?] and the RRR value of 1.5, the large
diamagnetism is of the same level as Bi powder, and the value of y [= 1.6(1) x 10 J mol™!
K 2] is remarkably small. These results imply that HgPbO3 is not a normal metal but rather a

semi-metal. To the best of our knowledge, very few semi-metallic oxides have been identified.
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Unlike 405206 (A = K, Rb) and CuCuzV4012, HgPbOs does not have a cage-like
structure, but HgPbOj3 exhibits phonon excitation of an anharmonic vibrational mode that is as
significant as those of RbOs2Os and CuCuszV4Oi2. Furthermore, the Curie-Weiss-like
magnetism, which appears at low temperatures, may be coupled to the unusual lattice dynamics
occurring at those temperatures. The mechanism that causes the cage-free anharmonic lattice
dynamics and the possible coupling to the Curie-Weiss-like magnetism requires further study

in the future.
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Chapter 4 High-pressure synthesis, crystal structure, and

magnetic properties of BazCuQ0s209 and BazNiOs209

The synthesis of new materials with useful properties is among the main goals of
fundamental materials science and technology research. Particularly interesting recent progress
has been seen in the study of perovskite and related osmium oxides, leading to the syntheses
of Sr2CrOsO¢ and Sr2CrReOs, which exhibit an extremely high-magnetic-transition
temperatures [1, 2], LiOsO3 displaying a ferroelectric-type structural transition in the metallic
state [3], and BaxNiOsOg featuring a ferromagnetic Dirac-Mott insulating state [4]. Most of
these interesting properties are due to the extended valence orbitals of the 5d electrons,

remarkable crystal-field splitting, and strong spin-orbit coupling [5, 6].

Furthermore, double-perovskite oxides have garnered significant attention recently
because their magnetic properties seem to be widely tunable by incorporating different cations
into A2BB’O¢ (A = typically alkaline earth or rare-earth elements, B = typically transition metal
elements) [7, 8]. However, so-called triple-perovskite oxides have been studied to a less extent
[9-11]. Most of known triple-perovskite oxides were prepared by conventional solid-state
method or aqueous sol-gel process, as reported for such as Ba;BiM>O9 (M = Ir, Ru) [12, 13],

Ba3LnlrnO9 (Ln =Y, La-Nd, Sm-Lu) [14], BasFeo2MO9 (M = Re, Te, W, or Mo) [15, 16],
Ba3;Cr2MO9 (M =Mo or W) [17, 18], BasMRu20 (M = Cu, In, Co, Ni, Fe, Y, La, Sm, Eu, or

Lu) [19, 20], BasMIr,0O9 (M = Mg, Ca, Sc, Ti, Zn, Sr, Zr, Cd, or In) [21], and Ba3zM,Ti3..O9 (M

= Ir or Rh) [22].

High-pressure synthesis methods have been employed in studies on triple-perovskite
osmium oxides. For example, single crystals of Ba3LiOs>xO9¢ and BazNaOs;O9 grown under

high-pressure exhibit remarkable magnetic characteristics below 10 K [10]; and an
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antiferromagnetically ordered state below 47 K and intradimer exchange interaction have been
found for Ba3CuOs;09 and Ba3ZnOs209, respectively [23]. However, to the best of our
knowledge, a triple-perovskite osmium oxide with a magnetic transition above room

temperature has not yet been synthesized, regardless of the method employed.

The reported triple-perovskite oxide BazCuOs2O¢ crystalizes in an orthorhombic
structure (Cmcm) comprising dimeric units of face-sharing octahedra (Os20O9¢) and normal
octahedra (CuOg) [23]. The two different components are connected by shared corners, making

the structure somewhat like that of 6H perovskites (Fig. 4.1a) [20, 24].

In the present study, we found that the orthorhombic BazCuOs209 (Cmcm) transforms
into a hexagonal polymorph (P63/mmc) under high-pressure and high-temperature treatment at
6 GPa and 1100 °C. Although Ba3CuOs20O9 maintains its 6H perovskite-type structure, the
distribution of Cu and Os atoms are dramatically altered; structural analysis revealed that the
face-sharing octahedra (Os209) and normal octahedra (CuOg) transit to the face-sharing
octahedra (OsCuQy) and normal octahedra (OsOg), respectively. A similar structure transition
caused by heating under high pressure was found for BasNiSb,O9 by Darie et al. [25, 26]. This
structural transition results in a remarkable increase in the magnetic transition temperature from

47 to 290 K, accompanied by a large coercive field greater than 70 kOe (at 5 K).

The same high-pressure structure phase was also found in polymorph BazNiOs>Oo.
The magnetic transition temperature was improved from 290 K to 370 K further by replace Cu
of Ni. Herein, we report synthesis and bulk magnetic properties of the new hexagonal
polymorph of BazCuOs209 and BazNiOs,Oo, for which the magnetic transition temperature are

both above room temperature.
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4.1 Crystal structure and magnetic properties of hexagonal BazCuOs20q: a

ferrimagnetic material with large coercive field
4.1.1 Experimental Details

Polycrystalline Ba;CuOs209 was synthesized from BaO (99.9%, Soekawa Chemicals,
Co., Ltd., Japan), CuO (99.99%, Kojundo Chemical Lab. Co., Ltd., Japan), and OsO; (Lab
made from Os powder). Os powder (99.95%) was supplied by the Nanjing Dongrui Platinum
Co., Ltd. BaO, CuO and OsO; at a molar ratio of 3:1:2.4 were thoroughly mixed and pressed
into a pellet. The mixing and pressing procedures were conducted in an Ar-filled glovebox.
Note that the Os source was over stoichiometric to compensate the loss during heating. The
pellet was then loaded into a corundum crucible, which was placed into a quartz tube together
with another corundum crucible containing MnO: as an oxygen source. The molar ratio of
0s0; and MnO; was 1:1. The quartz tube was sealed under dynamic vacuum and heated at
950 °C for 48 h in a furnace. For safety, the ampoule was opened in a fume hood to avoid
exposure to toxic OsO4 gas produced during the heating. The product was investigated by
powder X-ray diffraction (XRD) using CuK, radiation at room temperature in a commercial
apparatus (RIGAKU-MiniFlex 600). The XRD pattern was manifestly comparable with that

reported previously [23].

The polycrystalline BazCuOs;O9 was thoroughly ground and sealed in a Pt capsule.
The capsule was heated at 1100 °C for 30 min under a pressure of 6 GPa generated in a multi-
anvil-type apparatus (CTF-MA1500P, C&T Factory Co., Ltd, Japan), after which the pressure
was gradually released over several hours. The product was investigated by XRD (Fig. 4.2)
followed by synchrotron XRD at 90 K, room temperature, and 410 K in the high-precision
powder X-ray diffractometer installed at the BL15XU beamline, SPring-8, Japan [27, 28].
Rietveld analysis was applied to the synchrotron XRD patterns using the RIETAN-FP and

VESTA software packages [29, 30].
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The Cu-K edge X-ray absorption near-edge spectroscopy (XANES) was measured in
transmission mode at room temperature on the 1W2B beamline at the Beijing Synchrotron
Radiation Facility. The beam size was smaller than 1x0.6 mm at the sample position. The

software package Athena was used to normalize the XANES spectra [31].

Magnetic properties were measured in a magnetic property measurement system
(MPMS, Quantum Design, Inc.). Magnetic susceptibility (y) was measured at temperatures
between 2 and 400 K in a fixed applied magnetic field of 10 kOe and 100 Oe under field-
cooling (FC) and zero-field-cooling (ZFC) conditions. In addition, y vs. T curves were obtained
at temperatures between 300 and 700 K under an applied magnetic field of 10 kOe using an
oven installed in an independent physical property measurement system (PPMS, Quantum
Design, Inc.). The field dependence of magnetization was measured between 70 and - 70 kOe

at temperatures of 5, 25, 50, 100, 200, and 300 K.

The electrical transport and thermal properties were measured in PPMS. The
temperature dependence of the electrical resistivity (p) for hexagonal Ba;CuOs>O¢ was
measured at temperatures between 2 and 400 K using a four-probe method. Silver paste and
platinum wires (30 um in diameter) were used to connect the polycrystalline platelet to the
device terminals. The gauge current was 1 mA. The specific heat capacity (Cp) was measured
by the thermal-relaxation method using Apiezon-H grease in a temperature range from 350 to
200 K on cooling and Apiezon-N grease from 200 K to 2 K for thermal contact between the

sample and a holder stage.

4.1.2 Results and Discussion

Comparing the XRD patterns for Ba;CuOs>O9¢ measured before and after the high-
pressure treatment, a notable change is observed (see Figs. 4.2a and 2b). The pattern after high-

pressure treatment indicates that a hexagonal lattice has been formed. To confirm the structure,
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the same powder was also investigated by synchrotron XRD at 410 K, which is sufficiently
above the magnetic transition temperature (290 K, see below). As a result, reasonable
agreement between the observed and calculated patterns was attained by a Rietveld method
with a hexagonal model having a space group of P63/mmc. Note that this model has been
previously used to investigate the structures of triple-perovskite oxides such as BazMOs2O9 (M

= Li or Na) [10], BasFe2TeOy [32], and Ba3ZnOs>09 [23].

(b)

Fig. 4.1 Crystal structures drawn (top) parallel and (bottom) perpendicular to the c-axis of (a)
orthorhombic [Feng ef al. Ref. 23] and (b) hexagonal BazCuOs,09. Octahedra represent OsOg

or CuOg as indicated in the diagrams. The grey balls represent Ba atoms.
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Fig. 4.2 Powder XRD patterns for Ba3CuOs209 at room temperature (a) before and (b) after
high-pressure treatment. The inset is a horizontal expansion of the main peaks.

The analyzed synchrotron XRD pattern and the refined crystallographic parameters
obtained at 410 K are presented in Fig. 4.3 (a) and Table 4.1, respectively. For reference, the
corresponding synchrotron XRD pattern and crystallographic parameters obtained at room
temperature and 90 K are shown in Figs. 4.3 (b) and 4.3 (c¢) and Table 4.2. No significant
difference among the sets of data obtained at 410 K, room temperature, and 90 K is observed.
In tentative refinement, we evaluated several possible space groups, including P-3m1 (#164),
P63mc (#186), P-62¢ (#190), and P63/mmc (#194), for the 410 K pattern because these space
groups have been frequently assigned to similar structures, such as BaxNiOsOs [4],
BasFeo.920s1.0806 [33], and BazCraWOg [18]. When assuming space groups P-62¢ and P-3m1,
refinements always resulted in negative or unreasonably large isotropic atomic displacement
parameters. However, reasonable solutions were obtained with the P63mc and P63/mmc models.
Although the R indices were comparable between the models, we decided to select the P63/mmc
model in the final refinement because the total number of variable parameters was much lower

than that for the other. For example, the number of variable atom coordination parameters was
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5 for P63/mmc but 12 for P63mec.
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Fig. 4.3 (a) Rietveld refinement of the powder synchrotron XRD profile (1 = 0.65298 A)
collected at 410 K. The crosses and solid lines show the observed and calculated patterns,
respectively, with their differences shown at the bottom. The expected Bragg reflections for the

P63/mmc cell are marked by ticks. The inset is a horizontal expansion of the main peaks.
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Fig. 4.3 (b) Rietveld refinement of the powder synchrotron XRD profile (4 = 0.65298 A)
collected at room temperature. The crosses and solid lines show the observed and calculated

patterns, respectively, with their differences shown at the bottom. The expected Bragg
reflections for the P63/mmc cell are marked by ticks.

71



. A=0.65298 A
30 Ba;CuOs,0, 90K

P6;/mmc (No. 194)
50 a=5.73360(3) A
c=14.13200(5) A

0.0y I i [ W tem i \A\ n " " N T R R I T T I |

% - 4 +

5

Intensity (10" counts)

5 10 15 20 25 30 35 10 15 50
26 (degree)

Fig. 4.3 (¢) Rietveld refinement of the powder synchrotron XRD profile (4 = 0.65298 A)
collected at 90 K. The crosses and solid lines show the observed and calculated patterns,
respectively, with their differences shown at the bottom. The expected Bragg reflections for the
P63/mmc cell are marked by ticks. The final R indices are 2.743% (Rwp), 1.924% (Rp), 6.151%
(RB), and 2.576% (RkF).

In the final structure model (P63/mmc) (Fig. 4.1b), Ba atoms are located at the two
crystallographic sites 4/(2/3, 1/3, -z) and 2b (0, 0, 1/4), and oxygen atoms are distributed at the
12k (x, 2x, z) and 6A (x, 2x, 1/4) sites, while Os and Cu atoms are distributed over the 2a (0, 0,
0) and 4f (1/3, 2/3, z) sites. The order of Os and Cu distribution was carefully investigated,
revealing that the site occupancy at 2a by Os is 0.996(3), indicating that the 2a site is fully
occupied by Os (labeled as Os1, see Table 4.1 and 4.2) within the standard deviation. Therefore,

it was fixed as 1 in the final refinement (see Tables 4.1 and 4.2). We also assessed the site

occupancy at 2a by Cu, revealing that the site is not occupied by Cu.

For the 4f Wyckoff position, Os and Cu atoms were assumed to occupy the site
independently, and a preliminary refinement without applying any constraint indicated that it
is occupied approximately 1:1 by Os and Cu and the total occupation is almost 1. Thus, a
constraint at the 4f site was introduced in the final refinement, as indicated in the Table 4.1.
The final solution with the P63/mmc model confirmed that occupation at the 4f site is 0.498(3)

for Os (labeled as Os2) and 0.502 for Cu. Considering the composition of the initial synthesis
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mixture, the actual chemical composition is concluded to be stoichiometric in terms of the
metal atoms. In addition, we could reasonably assume that the compound is also oxygen
stoichiometric because perovskite-related Os oxides are normally oxygen stoichiometric
according to many neutron diffraction studies [3, 4, 34]. The oxygen stoichiometry may be due
to the chemical nature of Os. Note that we did not attempt thermogravimetric analysis of

BazCuOs209 to avoid possible contact with highly toxic OsOas.
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Table 4.1 Atomic coordinates and equivalent isotropic displacement parameters (U,
10 A2%) and anisotropic displacement parameters (Ujj, 10 A?) for hexagonal Ba3;CuOs,Oy at
410 K as revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Bal 4f 1 2/3 1/3 0.09309(4) 16.7
Ba2 2b 1 0 0 1/4 8.3
Osl 2a 1 0 0 0 6.8
Os2 4f 0.498(3) 1/3 2/3 0.15682(4) 6.6
Cu 4f 0.502 1/3 2/3 0.15682 6.6
o1 12k 1 0.1650(4) 0.3300 (=2x)  0.0796(3) 21(1)
02 6h 1 0.4880(6) 0.9761 (=2x)  1/4 40.6
Atom Un Uz Uss U1 Uis Uzs
Bal 153(3) = Uy 19.4(6) = 0.5x U} 0 0
Ba2 7.6(5) = Uy 9.8(9) = 0.5xUy 0 0
Osl 783)  =Un 4.7(6) = 0.5%Uy, 0 0
Os2 6.4(3) =Un 6.9(5) =0.5%Uy, 0 0
Cu 6.4 =Un 6.9 =0.5xUn 0 0
0o1 20.7 =Un =Un =0.5xUn 0 0
02 30(4) 12(5) 74(7) = 0.5%xUn 0 0

Space group: P63s/mmc (hexagonal; no. 194); lattice constants a = 5.75178(1) A and ¢ =
14.18320(2) A; cell volume = 406.359(1) A%; deca = 8.169 g cm™; chemical formula sum:
BasCu0s209 (Z = 2); and the final R indices are 2.905% (Rwp), 2.034% (Rp), 3.630% (RB), and
1.552% (Rr). The anisotropic displacement parameters of Cu atom were fixed to the values of

Os2, and the isotropic displacement parameter of O1 was refined.
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Table 4.2 Atomic coordinates and equivalent isotropic displacement parameters (Ueq, 10 A2)

and anisotropic displacement parameters (U;, 10 A?) for hexagonal Ba;CuOs209 at room

temperature as revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Bal 4f 1 2/3 1/3 0.09314(4) 14.2
Ba2 2b 1 0 0 1/4 5.7
Osl 2a 1 0 0 0 5.6
Os2 4f 0.500(3) 1/3 2/3 0.15674(4) 5.2
Cu 4f 0.501 1/3 2/3 0.15674 5.2
01 12k 1 0.1649(5) 0.3299 (=2x) 0.0793(3) 17(1)
02 6h 1 0.4880(6) 0.9759 (=2x) 1/4 35.7
Atom Un Uz Uss Uiz Uis Uzs
Bal 134(33) =Un 19.4(6) = 0.5%xUy1 0 0
Ba2 5.5(5) =Uu 9.8(9) = 0.5%xUy; 0 0
Osl 6.7(4) =Uu 4.7(6) = 0.5%xUy; 0 0
Os2 5.4(3) =Uu 6.9(5) = 0.5xUy; 0 0
Cu 5.4 =Un 6.9 = 0.5xU1; 0 0
o1 17.1 =Un =Un = 0.5xU11 0 0
02 31(4) 8(5) 60(6) =0.5xU2 0 0

Space group: P63/mmc (hexagonal; no. 194); lattice constants a = 5.74340(1) A and ¢ =
14.16191(2) A; cell volume = 404.566(1) A%; deca = 8.208 g cm™; chemical formula sum:
BazCuOs209 (Z = 2); and the final R indices are 3.004% (Rwp), 2.026% (R}), 4.026% (RB), and

1.719% (Rr). The anisotropic displacement parameters of Cu atom were fixed to the values of

Os2, and the isotropic displacement parameter of O1 was refined.
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Based on the assumption that the chemical composition is stoichiometric and does not
change via the high-pressure treatment, the final solution of refinement with the P63/mmc
model gives the calculated density of hexagonal BazCuQs;0y (8.21 g/cm?) is by 1.36% higher
than that of orthorhombic Ba;CuOs209 (8.10 g/cm? [23]). The density increment well reflects
a common feature of high-pressure stabilized oxides such as the post-perovskite MgSiOs3 (1.0—
1.2% increase [35]) and CaRhOs3 (1.8% increase [36]). Any exceptional trend regarding the

structural transition of Ba;CuOs;Oy seems to be absent.

The major bond lengths were calculated from the refined parameters at 410 K, as
shown in Table 4.3. The corresponding bond lengths measured at room temperature are shown
in Table 4.4 for reference. Osl located at the 2a site is coordinated by six oxygen atoms
forming Os1-O1 bonds with a bond length of 1.994(3) A, which is comparable to the average
0s°*—0 bond lengths in Sr2FeOsOg (1.996 A) [37], Sr2Sc0sOs (1.96 A) [38], and ProNaOsOg

(1.968 A) [39]. This indicates that Os1 in hexagonal Ba3sCuOs,Qy is pentavalent.

Table 4.3 Selected bond lengths and angles in hexagonal Ba;CuOs209 at 410 K
Bond Bond length (A) Bond / Angle Bond length (A) / Angle (°)
Bal-Ol 2.850(3) x3,2.882(3) 6  0s2/Cu-Ol 2.003(3) x3
Bal-02 2.849(4) x3 0s2/Cu-02 2.030(4) x3
Ba2-0l1 2.923(4) x6 0s1-01-0s2/Cu 178.7(1)

Ba2-02 2.878(8) %6 052/Cu—02-0s2/Cu 81.2(1)
Os1-01 1.994(3) %6
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Table 4.4 Selected bond Bond lengths and angles in hexagonal Baz;CuOs>O9 at room

temperature
Bond Bond length (A) Bond Bond length (A) or angle (°)
Bal-O1 2.961(3) x3,2.878(3) x6  0s2/Cu-O1 2.002(4) x3
Bal-02 2.845(4) x3 052/Cu-02 2.027(3) x3
Ba2-Ol 2.922(4) x6 0s1-01-0s2/Cu 178.8(2)
Ba2-02 2.874(4) x6 0s2/Cu-02-0s2/Cu 81.3(1)
0s1-01 1.988(4) x6

The distribution of Os and Cu atoms over the 4f Wyckoff position leads to a difficulty
to deduce the valence state of each Os and Cu from the average bond lengths obtained from
the structure refinement. There are two distinct Cu(Os2)—O bond lengths in the dimer-like unit,
Icuos2)-01 = 2.003(3) A and Icu0s2)-02= 2.030(4) A. The ratio Icuos2)-02/lcuos2)-o1 is 1.013. This
ratio is significantly lower than that of orthorhombic BazCuOs;09 (1.096 [23]) and other CuQOs-
containing oxides, which show Jahn-Teller distortion with the ratio ranging from 1.16 to 1.21
[40-42]. This is probably due to the mixed occupation at the 4f'site enables to determine only
the averaged local coordination of Cu and Os, not the individual one. The averaged Cu(Os2)—
O bond length is 2.0165 A, which is slightly longer than the Os1-O bond (shown above) and
shorter than the Cu**~O bonds in orthorhombic Ba;CuOs209 (2.123 A [23]), Ba,CuOsOs
(2.095 A [42]), and Ba,CuTeOs (2.153 A [40]). This is confirming that the Os2/Cu—O bond
length observed is most likely balanced between the shorter Os>*—O and longer Cu?>*—O bonds.
For the same reason, estimating the valence state of Os2 and Cu from bond length calculations
is not possible. Although the total calculated bond valence sum [43] for the formula Baz;CuOs>
(17.8) is close to that expected, the sum for each metal atom is not even close to the expected

value (see Table 4.5). This deviation is likely caused in part by the mixing of Os and Cu atoms
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at the same crystallographic site, and this may also be responsible for the difficulty in detecting
the expected Jahn-Teller distortion of Cu**Og octahedra by the XRD method, as mentioned

above.

Table 4.5 Bond valence sum (BVS) as revealed by SXRD at 410 K and room temperature for
hexagonal BazCuOs>09

Atom Site Occp. BVSat410 K BVS at room temperature
Bal 4f 1 2.35 2.37
Ba2 2b 1 2.31 2.33
Osl 2a 1 4.29 4.36
Os2 4f 0.5 4.04 4.06
Cu 4f 0.5 2.41 2.42
Ba3;CuOs: 17.8 17.9

BVS = 2?’:1 v;, where v; = eRo~l)/B N is the coordination number, / is the bond length, B =
0.37, Ro(Ba*") = 2.29, Ro(Cu*") = 1.679 [43, 44], and Ro(Os’") = 1.87 [45].

Because of the complexity of this situation, we investigate the valence states of Cu
and Os further using Cu-K edge XANES at room temperature. The normalized Cu-K edge
XANES spectra of hexagonal BazCuOs209 as well as those of Cu foil and CuO standards are
shown in Fig. 4.4. Hexagonal Ba;CuOs>O9 exhibits a sharp absorption edge with the maximum
peak at ~8995 eV, which can be attributed to 1s—4p*(rn) and 1s—4p*(c) transitions [46]. The
peak is close to the absorption edge of CuO. There is no shoulder in the leading edge for
hexagonal Ba3;CuOs209, whereas CuO shows a small shoulder at ~8985 eV. This absence may
reflect the difference between the local coordination environment of Cu in the hexagonal
Ba3;Cu0Os209 and that in CuO. Indeed, Cu is in a planer four coordination by oxygen in CuO
[47], while Cu is in octahedral coordination in hexagonal Ba;CuOs2Oy as shown in the present
study. Note that the shoulder peak of Cu-K edge XANES spectra is usually not visible for
octahedrally coordinated Cu by oxygen as observed for such as La,CuO4 [48], CuWOs4, and

CusAsO4 [13].
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Fig. 4.4 Normalized Cu K-edge XANES spectra of hexagonal BazCuQOs>09, CuO, and Cu foil

recorded at room temperature.

Compared with the XANES spectra of Cuz0 reported by Kim et al. and Kenney et
al.[14, 49], the hexagonal BazCuOs>0Oy in the current study does not present a sharp peak at the
lower energy of ~8982 eV, which is closed to where the Cu metal has a shoulder peak in the
plot for the Cu foil. Because the hexagonal Ba3;CuOs209 does not show any comparable
features in the region, it is reasonable to assign the valence state of Cu in the hexagonal
Ba3;CuOs;09 as divalent rather than monovalent. Considering the XANES data and the
structure refinement results, both Os1 and Os2 atoms can be assigned as pentavalent in order

to satisfy the total charge balance incorporated by the divalent Cu.

The temperature dependence of p for hexagonal Ba;CuOs20Oy is shown in Fig. 4.5a.
At room temperature, p is ~16 Q cm, which is comparable to that of orthorhombic BazCuOs209
(~13 Q cm [23]), and p continuously increases upon cooling to 90 K. Upon further cooling, p
exceeded the instrumental measurement limit. The electrical transport behavior over the entire
temperature range follows a 7" scaling rather than a 7! scaling (see Fig. 4.5b), implying that
the three-dimensional variable range hopping (VRH) is dominant in electron transport, as was

also reported for CaxCrOsOs and Sr2CrOsOs [50]. As the temperature dependence is
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semiconductor-like, we applied the Arrhenius law to the 7! scaled data in order to estimate the
activation energy (Ea.) from p = po exp(Eo/ksT), where po and kg are a temperature-independent
constant and the Boltzmann constant, respectively. The fitting yielded a lower limit for E, of

225.5(2) meV, as shown by the solid line in Fig. 4.5b.
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Fig. 4.5 (a) Temperature dependence of electrical resistivity for polycrystalline hexagonal
Ba3;Cu0Os09 upon cooling and heating. (b) Alternative plots of the data. The red line indicates

a fitting to the Arrhenius law in the high-temperature region.

The temperature dependence of y in an applied magnetic field of 10 kOe is shown in
Fig. 4.6a. For comparison, that of orthorhombic Ba3;CuOs2Qg is plotted in the same manner.
The data for orthorhombic Ba;CuOs209 were reproduced from previous work by Feng and

Jansen [23]. The y(T) curves for the hexagonal phase are plotted using a combination of two
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independent sets of data measured in the ranges 2400 K and 300-700 K. The ZFC and FC

curves for hexagonal Ba;CuOs20O9 show a remarkable increase at room temperature, indicating

the occurrence of long-range magnetic ordering. In a lower field measurement at 100 Oe, a

comparable transition was confirmed, excluded possibilities of substantial impurity

contribution and additional transitions (Fig. 4.7). Besides, a sharp peak appears in the ac-y

curves, as shown in Figs. 4.8a and 4.8b, revealing that the magnetic transition occurs at 290 K.
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Fig. 4.6 (a) Temperature dependence of ZFC and FC

500 600 700

susceptibilities (H = 10 kOe) for

hexagonal and orthorhombic Ba3CuOs2O¢. The data for the orthorhombic Ba3CuOs2O9 are
reproduced from a previous report by Feng and Jansen [Ref. 23]. (b) Alternative plots of the

FC data for fitting to the Curie-Weiss law. The fitting is shown by solid and broken lines.
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Fig. 4.8 (a) Real and (b) imaginary components of ac magnetic susceptibility for hexagonal
Ba3;Cu0Os,09 measured in different magnetic fields (Hac) at the frequencies (f) indicated in each
panel.

Isothermal magnetization of hexagonal Ba;CuOs;O9 was measured at 5, 25, 50, 100,
200, and 300 K, and compared with that of the orthorhombic phase (Fig. 4.9a). The curves are
nonlinear, even at 300 K, and exhibit hysteresis, which is in stark contrast to the linear behavior

of orthorhombic BazCuOs209. The coercive field at 25 K, 50 K, 100 K, 200 K, 300 K are 63,

39,21, 6, 0.1 kOe respectively (Fig. 4.9b). Neither ascending nor descending branches of M(H)
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at 5 K pass through the M = 0 line, indicating the extreme field up to £70 kOe is insufficient to
achieve demagnetization. In another word, the coercive field is higher than 70 kOe at 5 K.
Remarkably high coercive fields were occasionally found for transition-metal oxides, such as
LaoNi;.190s0.8106 (41 kOe at 5 K), LuFe2O4 (90 kOe at 4 K), and SrsRus.cO15 (120 kOe at 2 K),
although the coercive fields shrinks to nearly zero on heating to 200 K [51-53]. The atomic
disorder of Os and Cu of hexagonal Ba3CuOs;O9 may contribute to cause such the high

coercive field; detail is left for future study.
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Fig. 4.9 (a) Isothermal magnetization of hexagonal Ba;CuOs;09 at 5, 25, 50, 100, 200, and
300 K. The curve for orthorhombic Ba;CuOs;0O9 at 5 K is reproduced from a previous report
by Feng and Jansen [Ref. 23]. (b) Temperature dependence of the coercive field (H:) deduced
from the M—H data. The broken curve is a guide for eyes.
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The saturated magnetization for hexagonal BazCuOs,09 at 5 K and 25 K could not be
measured because it requires higher magnetic fields beyond our instrumental limit. However,
even considering this technical difficulty, the spontaneous magnetization was roughly
estimated to be ~0.4 up/mol. This value is much smaller than that expected for a ferromagnetic
ordering of Cu?" and Os>' [23]. Therefore, the magnetic ground state can be assigned as a
ferrimagnetic or closely similar state. Note that a comparable spontaneous magnetization was
observed for La;Ni1.190s08106 and a canted ferrimagnetic spin structure was revealed by

analysis of neutron data [51].

To further investigate these magnetic properties, we applied the Curie-Weiss law 1/y
= (T-60)/C to the high-temperature portion of the 1/y — T curve (440- 700 K), resulting in
estimated values for C (the Curie constant) of 0.963(5) emu mol™! K and § (Weiss temperature)
of - 122(3) K (Fig. 4.6b). Note that the 1/y — T curve between 300 and 390 K is likely under
the influence of developing short-range magnetic order, thus we did not apply the Curie-Weiss
law since it is usually effective only for paramagnetism. The negative Weiss temperature
indicates that the predominant magnetic interaction is antiferromagnetic in the localized
electron regime. In this case, the effective magnetic moment (uefr) was calculated from the
Curie constant to be 2.78(1) us, which is approximately comparable to that of the orthorhombic
phase (2.37 ug [23]). This value of uefr is however much lower than the spin-only moment 5.75
us (assuming one Cu®* and two Os>* per the formula). For comparison, experimental s values
of Cu?*-containing compounds are 2.18 up (BaCuO2 [54]), 1.98 us (BaxCuTeOs [40]), and 1.93
1B (Ba2CuWOe [40]). The pefr for hexagonal BazCuOs2Qg is larger than these values, indicating

that the magnetic moment of Os>" contributes to the bulk magnetic properties to some extent.

Regarding at the local structure around the Cu and Os atoms, the Os1-0O-0s2/Cu
(corner-sharing octahedra) and Os2/Cu—O-0s2/Cu (face-sharing octahedra) bond angles are

179° and 81°, respectively (Table 4.3). Therefore, the predominant antiferromagnetic
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interaction ought to be via the Os1-0—0s2/Cu bond (consisting of Os>*—0-0s>* and Os>*—O—
Cu?* bonds in equal proportions) because magnetic interactions conveyed via ~90° bonds are
usually weaker. The nearly-180° Os>*—~O—Cu?" bond presents in orthorhombic BazCuOs209
instead of the nearly-180° Os1-O—0s2/Cu bond. However, the magnetic transition temperature
(47 K) of orthorhombic Ba3CuOs>Og9 is approximately six-times lower than that of hexagonal
Ba3Cu0s209. The nearly-180° Os>*~O—-Cu?" bond is therefore moderately antiferromagnetic.
In other words, the nearly-180° Os>*~O-Os>" bond is strongly antiferromagnetic. The presence
of both Os>*~0-0s’* and Os>*~-O-Cu?" bonds in equal proportions likely drives the
ferrimagnetic transition at 290 K, and the weaker magnetic properties of the orthorhombic
polymorph are possibly due to the lack of the strongly antiferromagnetic 180° Os>*~0-Os>*
bond. For reference, the nearly-180° Os®*~O-Os>" bond in NaOsO; results in an

antiferromagnetic transition at 410 K [55, 56].

The temperature dependence of Cj, is plotted in Fig. 4.10. An expected anomaly near
290 K is not clearly seen probably because the magnetic transition entropy is gradually lost in
association with a developing short-range order over a wide temperature range. There is no
additional anomaly, which is indicative of a bulk transition, over the entire temperature range
except a small anomaly near 340 K. Considering the heat capacity was measured from 350 K,
the anomaly was possibly caused by a technical issue near the initial temperature. The low-
temperature region is plotted in the Cp/T vs. 7> form in the inset of Fig. 4.10 and is well
characterized by an approximated Debye model (Cp/T = y + PoT?). The linear fitting gives a
Sommerfeld coefficient (y) of 4.2(3) x 10~ J mol! K and the constant o of 8.18(5) x 10*]
mol! K. The Debye temperature was calculated from By to be 329(1) K. The rather small y
value may be associated with the VRH conduction observed. Otherwise, the magnetic

contribution has some impact on the analysis.
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Fig. 4.10 Temperature dependence of specific heat for hexagonal Ba;CuQOs209. The upper axis
corresponds to the Dulong-Petit limit of the lattice specific heat. (Inset) Linear fit to the Cy/T

vs. T? curve for the low-temperature region.

4.2 Crystal structure and magnetic properties of hexagonal BazNiOs;Oq
4.2.1 Experiment Details

Polycrystalline BasNiOs>O9 was synthesized from BaO (99.9%, Soekawa Chemicals, Co.,
Ltd., Japan), NiO (99.97%, High Purity Chemicals Co., Ltd., Japan), OsO> (Lab made from Os
powder) and KCIO4 (> 99.5%, Kishida Chem. Lab. Co., Ltd.). Os powder (99.95%) was
supplied by the Nanjing Dongrui Platinum Co., Ltd. BaO, NiO, OsO> and KClO4 at a molar
ratio of 3:1:2:0.2625 were thoroughly mixed and sealed in a Pt capsule. The mixing procedures
were conducted in an Ar-filled glove box. Under a pressure of 6 GPa, generated in a multi-
anvil-type apparatus, the capsule was heated to 1100 °C for 30 min, after which the pressure
was gradually released. The product was investigated by XRD followed by synchrotron XRD
at room temperature and 410 K in the high-precision powder X-ray diffractometer installed at
the BL15XU beamline, SPring-8, Japan [27, 28]. Rietveld analysis was applied to the

synchrotron XRD patterns using the RIETAN-FP and VESTA software packages [29, 30].
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The Ni-K edge X-ray absorption near-edge spectroscopy (XANES) was measured in
transmission mode at room temperature on the 1W2B beamline at the Beijing Synchrotron
Radiation Facility. The beam size was smaller than 1x0.6 mm at the sample position. The

software package Athena was used to normalize the XANES spectra [31].

Magnetic properties were measured in a magnetic property measurement system
(MPMS, Quantum Design, Inc.). Magnetic susceptibility (y) was measured at temperatures
between 2 and 400 K in a fixed applied magnetic field of 10 kOe under field-cooling (FC) and
zero-field-cooling (ZFC) conditions. In addition, y vs. T curves were obtained at temperatures
between 300 and 700 K under an applied magnetic field of 10 kOe using an oven installed in
an independent physical property measurement system (PPMS, Quantum Design, Inc.). The
field dependence of magnetization was measured between 70 and - 70 kOe at temperatures of

5K

The electrical transport and thermal properties were measured in PPMS. The
temperature dependence of the electrical resistivity (p) for hexagonal Ba;CuOs>O¢ was
measured at temperatures between 2 and 400 K using a four-probe method. Silver paste and
platinum wires (30 um in diameter) were used to connect the polycrystalline platelet to the
device terminals. The gauge current was 1 mA. The specific heat capacity (Cp) was measured
by the thermal-relaxation method using Apiezon-N grease in a temperature range from 300 to

2 K on cooling for thermal contact between the sample and a holder stage.

4.2.2 Results and Discussion

The analyzed synchrotron XRD pattern and the refined crystallographic parameters
obtained at 410 K are presented in Fig. 4.11 (a) and Table 4.6, respectively. For reference, the
corresponding synchrotron XRD pattern and crystallographic parameters obtained at room

temperature is shown in Figs. 4.11 (b) and Table 4.7. No significant difference among the sets
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of data obtained at 410 K and room temperature is observed.

The structure refinement for BasNiOs;O9 was carried out using the same model
(P63/mmc) as Ba;Cu0s20, yielding a = 5.74352(3) A and ¢ = 14.12970(5) A. The distributions
of Os and Ni were carefully investigated at 2a (0, 0, 0) and 4f(1/3, 2/3, z) sites, revealing that
the site occupancy at 2a by Os and Ni are 0.916(4) and 0.084 respectively. The site occupancy
at 4f by Os and Ni was also assessed, revealing 0.55(2) for Os and 0.45 for Ni. Considering
the composition of the initial synthesis mixture, the actual chemical composition

BazNig.080s2.020p9 is still stoichiometric in terms of the metal atoms.
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Fig. 4.11 Rietveld refinement of the powder synchrotron XRD profile (4 = 0.65298 A)

collected (a) at 410 K; (b) at room temperature. The crosses and solid lines show the observed
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and calculated patterns, respectively, with their differences shown at the bottom. The expected

Bragg reflections for the P63/mmc cell are marked by ticks.

The major bond lengths were calculated from the refined parameters at 410 K, as
shown in Table 4.8. The corresponding bond lengths measured at room temperature are shown
in Table 4.9 for reference. The Os atoms at 2a site are coordinated with 6 oxygens by six equal
0s1-O bonds of 1.979(3) A. The similar value was observed in CaFeOsOg, Sr2ScOsOe,
Sr2CrOsOg, in which the oxidation state for Os were assigned to 5+ [38, 57, 58]. Due to the
disorder exist over 2a site, the bond valence sums for Os and Ni are less reliable. This deviation
is more serious at 4f site because of the higher degree of disorder between Os and Ni. The
calculated bond valence sum for the formula Ba3NiOs; (18.0) is same as the expected (see

Table 4.10) .

The average Ni2/Os2-O bond length in face-shared octahedra is 2.013 A obtained
from the structure refinement. Compared to Ni**-O in other perovskite Ba>NiOsOg (2.078 A)
[4], Sr2NiOsOg (2.021 A), Ca;NiOsOg (2.049 A) [59] and Ba:NiWOs (2.097 A) [60], the
Ni2/0Os2-O bond length observed in Ba3;NiOs2O9 is slightly shorter. This indicates that
0s2/Ni2—O bond length is most likely balanced between the shorter Os>*~O and longer Ni*"—
O bonds. For comparison, if Ni shows trivalent at 4f site, the valence state of Os at 4f'site will
be deduced to be 4+. The bond length of Ni**~O is quite shorter than Ni**~O such as 1.960 A
for LaNiO3 [61] and 1.976 A for LiNiO, [62] while Os**—O bonds were observed in CaOsOs
(2.006 A), SrOsO;3 (1.983 A) and BaOsOs (2.013 A) [63] that are smaller than the observed
Ni2/0s2-0 bond as well. Therefore, from the view of bond length, Os and Ni atoms at 4f site

should be assigned to 5+ and 2+ respectively.

Ni K-edge XANES can contribute to understanding the valence state of Ni atoms in
the compound. Fig. 4.12 shows the experimental Ni K-edge XANES of the sample BazNiOs>O9

and the standard sample Ni foil. In addition, the Ni K-edge XANES of NiO (JXAFS-
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1202090019) and Ni foil (JXAFS-1202070029) from the XAFS database (Institute for
Catalysis, Hokkaido University) was compared with our samples in Fig. 4.12. In the spectra of
Ba3NiOs>O9 and NiO, two distinct edge features are marked as A and B. The pre-edge peak
marked as A is located at 8333 eV due to the dipole-forbidden 1s—3d electronic transition with
Ni 3d-4p orbital mixing in NiOs octahedra [64, 65]. The peak position of this pre-edge in Ni
K-edge XANES can reflect the difference of the oxidation state of Ni ion. With the increase of
the oxidation state, the pre-edge peak position moves to higher energy [66]. The pre-edge peak
of Ba3zNiOs,O9 overlaps that of NiO, indicating Ni is present in the divalent state. The main
absorption peak B located at ~8350 eV originates from the dipole-allowed transition of 1s
electron to a vacant 4p orbital [64]. Compared to the data of NiO, BazNiOs>O9 does not show
peak shift in the main-edge which further indicates the existence of Ni?*. The divalent Ni was

confirmed, the valent state for Os in BazNiOs>O9 can be deduced to be pentavalent.
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Fig. 4.12 Normalized Ni K-edge XANES of Ba3NiOs20O9 and Ni foil recorded at room
temperature. The Ni K-edge XANES of NiO (JXAFS-1202090019) and Ni foil (JXAFS-
1202070029) are from the XAFS database (Institute for Catalysis, Hokkaido University).

The temperature dependence of p for BazNiOs>Oy9 is showed in Fig. 4.13a, indicating

p continuously increases upon cooling to 110 K. The electrical transport behavior over the
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entire temperature range follows a 7" scaling well (see Fig. 4.13b), implying that the three-
dimensional variable range hopping (VRH) is dominant in electron transport, as was also
reported for BazCuOs20s. The Arrhenius law was applied to the 7! scaled data in order to
estimate the activation energy (E.) from p = po exp(Ea/ksT). The fitting yielded a lower limit

for E. of 351.4(9) meV, as shown by the solid line in Fig. 4.13b.
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Table 4.6 Atomic coordinates and equivalent isotropic displacement parameters (U,
10 A?) and anisotropic displacement parameters (Ui, 10 A?) for hexagonal BasNiOs,Qy at
410 K as revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Bal 4f 1 2/3 1/3 0.09372(4) 115
Ba2 2b 1 0 0 1/4 7.4
Osl 2a 0.916(4) 0 0 0 2.8
Nil 2a 0.084 0 0 0 2.8
Os2 4f 0.55(2) 1/3 2/3 0.15726(3) 33
Ni2 4f 0.45 1/3 2/3 0.15726 33
01 12k 1 0.1633(2) 0.3265 (=2x) 0.0800(2) 13.1(9)
02 6h 1 1.0267(9) 0.5133 (=0.5x)  1/4 15(2)
Atom U U2 Uss U Uis Uzs
Bal 993) =Uy 14.7(5) = 0.5%Uy, 0 0
Ba2 7.8(4) = Uy 6.6(8) = 0.5xUy 0 0
Osl 2.6(3) = Uy 3.2(5) = 0.5xUy 0 0
Nil 2.6 =Un 3.2 =0.5xUn 0 0
Os2 3.0(2) = Uy 3.8(4) = 0.5xUy 0 0
Ni2 3.0 =Un 3.8 =0.5xUn 0 0

01 131 = Ui = Ui =0.5xUn 0 0

02 14.9 =Un =Un =0.5xUn 0 0

Space group: P63/mmc (hexagonal; no. 194); lattice constants a = 5.74352(3) A and ¢ =
14.12970(5) A; cell volume = 403.664(3) A%; deca = 8.206 g cm™; chemical formula sum:
BasNi0.08052.0209 (Z = 2); and the final R indices are 3.292% (Rwp), 1.956% (Rp), 1.161% (RB),
and 0.674% (Rr). The anisotropic displacement parameters of Nil/Ni2 atom were fixed to the

values of Os1/0s2, and the isotropic displacement parameter of O1 and O2 were refined.
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Table 4.7 Atomic coordinates and equivalent isotropic displacement parameters (Ukq,
10 A?) and anisotropic displacement parameters (Ui, 10 A?) for hexagonal BasNiOs,Qy at
room temperature as revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Bal 4f 1 2/3 1/3 0.09379(4) 9.1
Ba2 2b 1 0 0 1/4 54
Osl 2a 0.916(4) 0 0 0 2.0
Nil 2a 0.084 0 0 0 2.0
Os2 4f 0.55(2) 1/3 213 0.15724(3) 2.3
Ni2 4f 0.45 1/3 2/3 0.15724 2.3
01 12k 1 0.1635(4) 0.3265 (=2x) 0.0797(2) 11.6(9)
02 6h 1 1.0237(9) 0.5133 (=0.5x)  1/4 9(14)
Atom U U2 Uss U Uis Uzs
Bal 76(3)  =Un 12.0(5) = 0.5%Uy, 0 0
Ba2 6.3(4) = Uy 3.6(7) = 0.5xUy 0 0
Osl 1.9(3) = Uy 2.2(5) = 0.5xUy 0 0
Nil 1.9 =Un 2.2 =0.5xUn 0 0
Os2 2.3(2) = Uy 2.4(4) = 0.5xUy 0 0
Ni2 2.3 =Un 24 =0.5xUn 0 0

01 11.6 = Ui = Ui =0.5xUn 0 0

02 8.7 =Un =Un =0.5xUn 0 0

Space group: P63/mmc (hexagonal; no. 194); lattice constants a = 5.73508(2) A and ¢ =
14.10768(4) A; cell volume = 401.852(2) A%; deca = 8.243 g cm™; chemical formula sum:
BasNi0.08052.0209 (Z = 2); and the final R indices are 3.409% (Rwp), 1.978% (Rp), 1.307% (RB),
and 0.756% (Rr). The anisotropic displacement parameters of Nil/Ni2 atom were fixed to the

values of Os1/0s2, and the isotropic displacement parameter of O1 and O2 were refined.
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Table 4.8 Selected bond lengths and angles in hexagonal BazNiOs>O9 at 410 K

Bond Bond length (A) Bond / Angle Bond length (A) / Angle (°)
Bal-O1 2.982(3) x3,2.878(3) X6 Os2/Ni2-Ol 2.011(4) <3

Bal-02 2.842(3) X3 0s2/Ni2—-02 2.014(3) %3

Ba2-0l1 2.900(3) %6 Os1/Nil-O1-0s2/Ni2  177.99(15)

Ba2-02 2.875(6) %6 0s2/Ni2—02—0s2/Ni2  81.34(17)

Os1/Nil-O1 1.979(3) %6

Table 4.9 Selected bond Bond lengths and angles in hexagonal BazNiOs>O9 at room
temperature
Bond Bond length (A) Bond / Angle Bond length (A) / Angle (°)
Bal-Ol1 2.972(3) x3,2.8753) x6  0s2/Ni2-Ol1 2.011(3) x3
Bal-02 2.829(3) x3 0s2/Ni2-02 2.019(4) x3
Ba2-0l 2.900(3) x6 Os1/Nil-O1-Os2/Ni2  178.27(15)
Ba2-02 2.870(6) x6 0s2/Ni2-02-0s2/Ni2  80.79(17)

Os1/Nil-O1 1.975(3) %6

Table 4.10 Bond valence sum (BVS) as revealed by SXRD at 410 K and room

temperature for hexagonal BazNiOs2O9

Atom Site Occp. BVSat410K BVS at room temperature
Bal 4f 1 2.36 2.41
Ba2 2b 1 2.39 2.41
Osl 2a 0.916(4) 4.47 4.52
Nil 2a 0.084 2.49 2.52
0s2 4f 0.55(2) 4.08 4.05
Ni2 4f 0.45 2.28 2.26
Ba3;CuOs> 18.0 18.1

BVS = Z?’zl v;, where v; = eRo~l)/B N is the coordination number, 1 is the bond length, B =

94



0.37, Ro(Ba?") = 2.29, Ro(Ni?") = 1.654 [43, 44], and Ro(Os>") = 1.87 [45].
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Fig. 4.13 (a) Temperature dependence of electrical resistivity for polycrystalline

BasNiOs>O9 upon cooling and heating. (b) Alternative plots of the data. The red line indicates
a fitting to the Arrhenius law in the high-temperature region.

The temperature dependence of y in applied magnetic field of 10 kOe and 1 kOe are
shown in Fig. 4.14. The y(7) curves under 10 kOe are plotted using a combination of two
independent sets of data measured in the ranges 2—400 K and 300-700 K. The long-range
magnetic ordering occurs at 370 K, where the magnetic susceptibility increases abruptly when
cooling. Even though the y(7) was measured until 700 K, it still not enough to reach a linear y
!'vs T curve above the transition temperature for fitting by Curie-Weiss model (see the inset of

Fig. 4.14a). The ZFC and FC curves under 10 kOe bifurcate below 155 K under 10 kOe and
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an antiferromagnetism-like peak was observed in ZFC curve at ~70 K. The bifurcation between
the ZFC and FC curves and AFM-like peak in ZFC curve under 1 kOe was found to shift to
higher temperature (see Fig. 4.14b). The bifurcation is possible to be caused by the movement
of magnetic domain walls in the material.[67]. The domain structure changes when the sample
is cooled without magnetic field while it keeps same domain structure when cooling down with

an appropriate field.

Isothermal magnetization of BasNiOs209 was measured at 5 K, 100 K and 300 K (Fig.
4.15). The spontaneous magnetization for BazNiOs>Oy is 0.7 pus/mol at either 5 K or 100 K,
and the value is still nonzero even though at 300 K (0.35 pug/mol at 300 K). The observed
saturated or spontaneous magnetization, however, much smaller than the value of 8 pg/mol
expected in the assignment of ferromagnetic ordering, assuming the spin only values of 2 ug
for Ni?" and 3 pg for Os>*. Therefore, the ferrimagnetic or closely similar state for the magnetic
ground state can be assigned. The coercive field at 5 K is 20 kOe for Ba3NiOs209, which is
smaller than hexagonal Ba3CuOs>0y or double perovskite La>Ni1.10050.8106 [51] but larger than

double perovskite Ba2NiOsOs [4].
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Fig. 4.14 (a) Temperature dependence of ZFC and FC susceptibilities ( = 10 kOe) for

Ba3NiOs>0O9. The inset shows the inverse magnetic susceptibility. (b) Temperature dependence
of ZFC and FC susceptibilities (H = 1 kOe).

In the local structure around the Ni and Os atoms, the Os1/Ni1-O—0Os2/Ni2 (corner-
sharing octahedra) and Os2/Ni2—0—0s2/Ni2 (face-sharing octahedra) bond angles are 178°
and 81° respectively (see Table 4.9), which are comparable with hexagonal Ba;CuOs2O9. The
same reason as hexagonal Ba;CuOs>QOo, the predominant antiferromagnetic interaction via a
nearly-180° bond, drives the ferrimagnetic transition at 400 K, although small amount of Ni/Os

disorder exists in BazNiOs;0o.
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Fig. 4.15 Isothermal magnetization of BazNiOs2Oy9 at 5 K, 100 K and 300 K.

The temperature dependence of Cj, is plotted in Fig. 4.16. The low-temperature region
is plotted in the Cp/T vs. T form in the inset of Fig. 4.16 and is fitted by an approximated
Debye model (Cp/T =y + BoT?). The linear fitting gives a Sommerfeld coefficient (y) of 3.3(13)
x 10 I mol! K and the constant By of 6.41(4) x 10* J mol™! K*. The Debye temperature was
calculated from Bo to be 357.0(7) K. The small y value is consistent with the 3D VRH

conduction.

Fig. 4.16 Temperature dependence of specific heat for BazNiOs2O9. The upper axis
corresponds to the Dulong-Petit limit of the lattice specific heat. (Inset) Linear fit to the Cp/T

vs. T? curve for the low-temperature region.
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4.3 Summary of Chapter 4

A hexagonal polymorph of Ba;CuOs209 was newly synthesized under high-pressure
(6 GPa) and it retained the general structure type of orthorhombic BazCuOs>0O9 but underwent
a 1.36% density increment. In the denser structure, the Os and Cu distribution is largely altered,
leading to the formation of strongly antiferromagnetic Os>*—O—Os>" bonds with an angle of
nearly 180° and moderately antiferromagnetic Os>*—~O—Cu?* bonds with an angle of nearly
180°. The structure analysis combined with the Curie-Weiss analysis showed that the two
distinctive antiferromagnetic bonds present at an equal ratio likely drive the ferrimagnetic
transition at 290 K for the hexagonal Ba;CuOs20y. This room temperature transition is in stark

contrast to the 47 K antiferromagnetic transition of the orthorhombic Ba;CuOs20s.

Another new triple perovskite BazNiOs;O9 was synthesized under high-pressure and
high-temperature conditions by replace Cu of Ni and the replacement does not change the
hexagonal structure. BasNiOs>Oy still crystallizes into the hexagonal polymorph (P63/mmc)
structure. The distribution of Os and Ni in BasNiOs;Oy is the same as that of Os and Cu in
hexagonal Ba3CuOs;09. The observed magnetization value suggests BazNiOs>O9 should be
ferrimagnetic or similar property even though the Curie-Weiss analysis cannot apply to the y!
vs T curve. The observed data lead to our speculation that two distinctive antiferromagnetic
bonds play the same role in driving a high ferrimagnetic transition at 370 K for the BazNiOs>O9
as it does for the hexagonal BasNiOs2O¢. Note that the detailed magnetic structure for both

hexagonal BazCuOs,09 and BazNiOs>O9 require to be confirmed by neutron diffraction further.

Either hexagonal Ba;CuOs209 or Ba;NiOs2O9 shows disorder at 4f'sites (face-sharing
octahedra) in sense but not like orthorhombic Ba;CuOs2O¢ with the ordered structure. However,
this disorder leads to improve the magnetic property in this case. It inspires us to rethink what

the role does disorder play in materials’ magnetism. Besides, a remarkably large coercive field
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(Hc > 70 kOe at 5 K) was observed in hexagonal Ba;CuOs>O¢, which opens up possibilities

for designing of rare-earth-free hard magnets.
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Chapter 5 The evolution of structure and magnetic properties

from Sr2CrQOsOs to Sr2NiOsOg by substitution

5.1 Introduction

Half-metallic materials possessing high Curie temperature (7c) have attracted
considerable interest for recent 20 years. Half metallic compounds are promised to be use as
spintronic materials, in addition, high 7. can make it feasible to build practice devices at room
temperature. Half-metallicity and high 7. ( = 420 K) were found in Sr2FeMoOg by K.-I.
Kobayashi and et.al [1]. Since spins of Fe** (S = 5/2) and Mo>" (S = 1/2) couple
antiferromagnetically in a cubic ordered perovskite structure, it has only one electron in the 5d
t2g minority-spin orbital which is located at the Fermi level. This delocalized electron shared
by Fe and Mo through the oxygen orbitals, behaving like a conduction electron and show spin-
polarized. Following the discovery of Sr2FeMoOg, a number of similar compounds have been
studied, such as SroCrWOg, SroCrReQOs, Sr2CrMoQOs, SroFeReOg [2-5]. These compounds
belong to the family of double perovskite oxides and the general formula can be denoted as
A>BB’Og¢, where B and B’ sites are occupied by transition metal ions. Among these unique
ordered double perovskites, SroCrOsOs was thought to be a special case. Resulting from the
electronic configuration of Cr** (3%, tg’) and Os>" (5&°, t24°), 5d t2e minority-sin orbital is
completely filled whereas the majority-spin orbital is empty. It leads to the end point of ideally
spin-polarized metal-insulator transition occurs in Sr2CrOsOs [6]. K.-W. Lee and W. E. Pickett
proposed that Sr2CrOsOg is a near-half metallic antiferromagnet and a large spin-orbit coupling
reduces Os spin moment [7]. However, the significant SOC of Os is not supported by x-ray
magnetic circular dichroism (XMCD) experimental results, a quite small magnetic moment of
0.015 ps/f.u. was observed on Os orbital [6]. A model for multiorbital material was applied to

Sr2CrOsOg, suggesting that it is a Mott insulator and the net moment observed in Sr2CrOsOg
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arises from spin canting [8]. But the canted magnetic structure did not confirm with neutron

powder diffraction measurement [9].

Ferrimagnetism or ferromagnetism can survive up to temperature above room
temperature that is a remarkable feature for application. The half-metallic double perovskite
oxides have considerably high 7c, which is understood within the kinetic energy driven
exchange model [6, 10, 11]. The 7. of Sr2CrOsOg was reported to be 725 K by Y. Krockenberger
et al. [6] and 660 K by Ryan Morrow et al. [9], respectively. The deviation in 7. may be caused
by different amount of antisites. Nevertheless, such high 7¢ is higher than any other double
perovskite so far reported in the literature. Cr and Os in Sr2CrOsOg show 3+ and 5+ respectively.
The electronic configurations of Cr** (3d°, t2’) and Os>" (54°, t2g”) are taken into account, the
kinetic energy gain is only feasible for the minority-spin carriers. In addition, the magnetic
transition temperature of these compounds is positively related to the bandwidth in this
minority-spin channel [6, 12]. Doping La®" into A sites is a way to change the band filling, for
example, the 7. was increased by more than 100 K by La*" doping in LaSrFeMoQOs and
LaCaCrWOg [13, 14]. Alternatively, replacement of 5d transition metal ion on B’ sites can also
lead to the change of T, for example, Sr2CrReOs (Re’*: 54%) shows higher T; than Sr2CrWOs

(W 54 [2, 3].

In this study, the substitutional series samples polycrystalline Sr2Cri.xNixOsOs (x = 0,
0.25, 0.5, 0.75 and 1) were prepared under high-pressure and high-temperature conditions.
Introduction of Ni?* into Cr** sites leads to variations of structure, electronic and magnetic
properties. These Ni-substituted Sr2CrOsOs compounds give insight into understanding the
origin of half-metallic materials with high ferrimagnetic 7.. Besides, synthesizing samples
under high pressure rather than ambient pressure is for checking out the influence of pressure
on electron transport. Ninning Zu et al. proposed double perovskite oxide La2VMnOg can

become a half-metallic ferrimagnet under critical pressure [15].
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5.2 Experimental Details

Polycrystalline Sr2Cr1xNixOsOs (x = 0, 0.25, 0.5, 0.75 and 1) were synthesized from
powders of SrO (99.9%, Strem Chemicals, Inc., USA), CrO, (Magtrieve, Sigma-Aldrich Co.,
USA ), NiO (99.97%, High Purity Chemicals Co., Ltd., Japan), OsO> [Lab made from Os
powder and Os powder (99.95%) was supplied by the Nanjing Dongrui Platinum Co., Ltd.]
and KClO4 (> 99.5%, Kishida Chem. Lab. Co., Ltd.). The powders were thoroughly mixed,
followed by sealing in a Pt capsule, the process of which were all conducted in an Ar-filled
glove box. Under a pressure of 6 GPa, generated in a belt-type high pressure apparatus (Kobe
Steel, Ltd., Japan), the capsules were heated to a temperature for 30 min. The heating
temperature is sample-dependent. For Sr>Cri.xNixOsOs (x = 0, 0.25 and 0.5), the capsules were
heated at 1600 °C. The temperatures were lower for SryCro2sNig.750sOs and SraNiOsOe,
1500 °C and 1300 °C, respectively. After the heating, the temperature was then quenched to

room temperature, following which the pressure was gradually released.

All the prepared samples were investigated by powder XRD at room temperature using
Cu-K, radiation (1 = 1.5432 A) in a commercial apparatus (RIGAKU-MiniFlex 600). The fine
powder samples were subjected to a synchrotron XRD study by using the high-precision

powder X-ray diffractometer installed at the BLI5SXU beamline, Spring-8, Japan.

Magnetic properties were measured in a magnetic property measurement system
(MPMS, Quantum Design, Inc.). The electrical transport and thermal properties were measured
in physical property measurement system (PPMS, Quantum Design, Inc.). Silver paste and
platinum wires were used to connect the polycrystalline platelet to the device terminals. The
specific heat capacity (Cp) was measured by the thermal-relaxation method using Apiezon-N

grease from 300 K to 2 K for thermal contact between the sample and a holder stage.
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5.3 Results and Discussion

The XRD patterns of synthesized Sr2CrOsOs and Sr2NiOsOg are the same as the ones
reported by other groups [9, 16]. Compared to the end points, the substitutional series Sr2Cr-
NixOsOg (x = 0.25, 0.5 and 0.75) show phase transition gradually (see Fig. 5.1). We can see
the obvious peak position shift to lower degree from Sr2CrOsOg to Sr2NiOsOg and peaks of
[110] and [104] transfer to [112] and [200] in the inset of Fig. 5.1. For better understand how
the structure changes of these substitutional series, the same samples were investigated by
synchrotron XRD. Considering the magnetic transition temperature of each sample (the exact
T see below), the synchrotron XRD patterns for Sr2CrixNixOsOg (x = 0, 0.25 and 0.5) were
collected at room temperature and another temperature higher than their 7i,, respectively.
Samples Sr2Ni1OsOg and Sr2Cro.25Ni0.750s06 were only measured at room temperature because

their 7w are much lower.

The analyzed synchrotron XRD patterns and the refined crystallographic parameters
for two end points samples are presented in Fig. 5.2 and 5.3 and Table 5.1, 5.2 and 5.3,
reasonable agreement between observed and calculated patterns for Sr2CrOsOg were attained
by a Rietveld method with a trigonal model at room temperature and a cubic model at 750 K
(above magnetic transition temperature, discussed later). The similar phase transition has also
been observed in neutron powder diffraction data [6]. A tetragonal model is refined well for
Sr2Ni10sOg, which are reconciled with the previously reported results. We carefully refined the
data of Sr2CrOsOg collected at 750 K (higher than 7i,) and room temperature and confirmed
that no any phase transition below its 7m was observed. The occupancies of Os and Cr atoms
at 3b and 3a Wyckoff positions were refined independently. A small amount of disorder was
found at both 3b and 3a sites, but the actual chemical composition is concluded to be
S12Cr0.960s1.0406 that is still closed to the composition of the initial synthesis mixture. The

occupancy of the Cr ion on Cr-rich octahedral (3a) site is 91.1% that is higher than 80.2%
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found in ambient-pressure prepared SroCrOsOg sample [9]. In contrast, the structure refinement

of SruNiOsOg indicates full Ni/Os cation order.
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Fig. 5.1 Powder XRD patterns for Sr2CrixNixOsOs (x = 0, 0.25, 0.5, 0.75 and 1) at room
temperature. The inset is a horizontal expansion of the main peaks.
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Fig. 5.2 Rietveld refinement of the powder synchrotron XRD profile of Sr.CrOsOs (4 =
0.65298 A) collected at 750 K. The crosses and solid lines show the observed and calculated
patterns, respectively, with their differences shown at the bottom. The expected Bragg
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reflections for the Fm-3m cell are marked by ticks. The inset is the data at room temperature,
the expected Bragg reflections for the R-3 cell are marked by ticks.
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Fig. 5.3 Rietveld refinement of the powder synchrotron XRD profile of SroNiOsOg (4 =
0.65298 A) collected at room temperature. The crosses and solid lines show the observed and

calculated patterns, respectively, with their differences shown at the bottom. The expected
Bragg reflections for the /4/m cell are marked by ticks.

113



Table 5.1 Atomic coordinates and equivalent isotropic displacement parameters (Usq, 10~ A?)

and anisotropic displacement parameters (Ujj, 10 A?) for SroCrOsOg at 750 K as revealed by

synchrotron XRD
Atom Site Occp. X y z Ueq
Srl 8c 1 0.25 0.25 0.25 13.0
Crl 4b 0.911(16) 0.5 0.5 0.5 5.25
Osl 4b 0.089 0.5 0.5 0.5 5.25
Os2 4a 0.955(3) 0 0 0 3.43
Cr2 4a 0.045 0 0 0 3.43
01 24e 1 0.2457(3) 0 0 14.9(5)
Atom Uns Uz Uss Uz Uis Uzs
Srl 13.0(15) =Un =Un 0 0 0
Crl 5.3(3) =Un =Un 0 0 0
Osl 5.3 =Un =Un 0 0 0
0Os2 3.4(11) =Un =Un 0 0 0
Cr2 3.4 =Un =Un 0 0 0
01 14.9 14.9 14.9 0 0 0

Space group: Fm-3m (cubic; no. 225); lattice constants a = 7.84460(5) A; cell volume =
482.739(5) A3; dea = 7.149 g cm; chemical formula sum: Sr2Crg.960s1.0406 (Z = 4); and the

final R indices are 1.942% (Rup), 1.335% (R;), 0.831% (Rs), and 0.430% (R¥).
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Table 5.2 Atomic coordinates and equivalent isotropic displacement parameters (Usq, 10~ A?)
and anisotropic displacement parameters (Ujj, 10~ A?) for Sr.CrOsOg at room temperature as
revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Srl 6¢ 1 0 0 0.2488(18) 12.7
Crl 3b 0.911(16) 0 0 0.5 10.1
Osl 3b 0.089 0 0 0.5 10.1
Os2 3a 0.955(3) 0 0 0 9.7
Cr2 3a 0.045 0 0 0 9.7
01 18f 1 0.477(13) 0.015(10) 0.2463(5) 11)
Atom Uns Uz Uss Uz Uis Uzs
Srl 12.9(5) =Un 12.3(9) =0.5xUn 0 0
crl 112(09)  =Ui 8(15) = 0.5xU, 0 0
Osl 11.2 =Un 8 =0.5xUn 0 0
Os2 6.6(4) =Un 15.9(8) =0.5xUn 0 0
Cr2 6.6 =Un 15.9 =0.5xUn 0 0
01 1.4 1.4 14 0.7 0 0

Space group: R -3 (trigonal; no. 148); lattice constants @ = 5.5147(12) A and ¢ = 13.4879(2) A;
cell volume = 355.24(12) A3; deca = 7.286 g cm™; chemical formula sum: Sr2Cro.960s1.0406 (Z
= 3); and the final R indices are 1.863% (Rwp), 1.320% (R;), 0.714% (RB), and 0.314% (RF).
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Table 5.3 Atomic coordinates and equivalent isotropic displacement parameters (Ukg,
10° A?) and anisotropic displacement parameters (Ui, 107 A2) for SroaNiOsOs at room

temperature as revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Srl 4d 1 0 0.5 0.25 10.7
Nil 2a 1 0 0 0 4.8
Osl 2b 1 0 0 0.5 35
01 4e 1 0 0 0.2601(7) 20.0
02 8h 1 0.2237(8) 0.2962(9) 0 16(2)
Atom Un Uz Uss U1 Uis Uzs
Sr1 8.8(3) =Un 14.3(6) 0 0 0
Nil 1.3(5) = Ui 12(1) 0 0 0
Osl 192  =Uy 6.7(4) 0 0 0
o1 13(2) = Uy 35(4) 0 0 0
02 16.1 =Un =Un 0 0 0

Space group: I4/m (tetragonal; no. 87); lattice constants a = 5.5320(2) A and ¢ = 7.9204(3) A;
cell volume = 242.39(2) A%; dear = 7.127 g cm™; chemical formula sum: Sro2NiOsOg (Z = 2);
and the final R indices are 2.376% (Rwp), 1.480% (Rp), 0.908% (RB), and 0.426% (RF).

The synchrotron XRD patterns for Sr2Cro.75N10.250506 and Sr2Cro.25Nig.750s06 were
successful refined, the results of which are shown in Fig. 5.4 and 5.5. Sr2Cro.75N10.250s06 was
found to crystallize into the same cubic structure (Fm-3m) as SroCrOsOs at 550 K and changes
to trigonal structure (R -3) at room temperature (below 7m). The refinement result indicates the
Ni atom occupies the 35 site with Cr atom, although the occupation is slightly lower than 25%
(see Table 5.4 and 5.5). The refined crystallographic parameters for Sr2Cro25Nio.750s0s is

presented in Table 5.6, indicating that 74% Ni and 26% Cr distribute at 2a site.
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Fig. 5.4 Rietveld refinement of the powder synchrotron XRD profile of Sr2Cro.75Nio.250s0s (4
=0.65298 A) collected at 550 K. The crosses and solid lines show the observed and calculated
patterns, respectively, with their differences shown at the bottom. The expected Bragg
reflections for the Fm-3m cell are marked by ticks. The inset is the data at room temperature,
the expected Bragg reflections for the R-3 cell are marked by ticks.
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Fig. 5.5 Rietveld refinement of the powder synchrotron XRD profile of Sr2Cro.25Ni0.750s0¢ (4
=0.65298 A) collected at room temperature. The crosses and solid lines show the observed and

calculated patterns, respectively, with their differences shown at the bottom. The expected
Bragg reflections for the /4/m cell are marked by ticks.
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Table 5.4 Atomic coordinates and equivalent isotropic displacement parameters (Ueq, 10 A2)

and anisotropic displacement parameters (Ui, 10 A2) for Sr2Cro75Nig250s0s at 550 K as

revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Srl 8c 1 0.25 0.25 0.25 14.4
Crl 4b 0.72(17) 0.5 0.5 0.5 1.7
Nil 4b 0.23 0.5 0.5 0.5 1.7
Osl  4b 0.053(16) 05 05 05 1.7
Os2 4a 0.994(3) 0 0 0 6.1
Cr2 4a 0.006 0 0 0 6.1
01 24e 1 0.2433(2) 0 0 16.4(5)
Atom Un U2 Uss Uz Uis Uz
Srl 14.4(12) = Ul =Un 0 0 0
Crl 1.7(2) =Un =Un 0 0 0
Nil 1.7 = Ui =Un 0 0 0
Osl 1.7 = Ui = U 0 0 0
0Os2 6.1(8) =Un =Un 0 0 0
Cr2 6.1 = Ul =Un 0 0 0
01 16.4 16.4 16.4 0 0 0

Space group: Fm-3m (cubic; no. 225); lattice constants a = 7.84115(3) A; cell volume =
482.10(3) A3; dear = 7.185 g cm™; chemical formula sum: Sr2Cro72Nio230s1.0s06 (Z = 4); and

the final R indices are 1.785% (Rwp), 1.218% (Rp), 0.730% (RB), and 0.348% (RF).
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Table 5.5 Atomic coordinates and equivalent isotropic displacement parameters (Ueq, 10 A2)

and anisotropic displacement parameters (Ui, 10 A?) for Sr2Cro75Nip250sOs at room

temperature as revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Srl 6¢c 1 0 0 0.25005(7) 12.0
Crl 3b 0.72(17) 0 0 0.5 2.7
Nil 3b 0.23 0 0 0.5 2.7
Osl 3b 0.053(16) 0 0 0.5 2.7
Os2 3a 0.994(3) 0 0 0 7.2
Cr2 3a 0.006 0 0 0 7.2
01 18f 1 0.478(11) 0.0117(6) 0.2508(2) 6.0(8)
Atom Uss Uz Uss U1 Uis Uz
Sr1 13.4(3) = U 9.3(5) =0.5xUy 0 0
crl 2.7(6) = U 2.7(8) = 0.5xUy 0 0
Nil 2.7 =Un 2.7 =0.5xUn 0 0
Osl 2.7 =Un 2.7 =0.5xUn 0 0
Os2 7.9(2) =Un 5.7(3) = 0.5xUy 0 0
Cr2 7.9 =Un 5.7 =0.5xUn 0 0
01 6.0 6.0 6.0 3.0 0 0

Space group: R -3 (trigonal; no. 148); lattice constants a = 5.5566(3) A and ¢ = 13.5674(5) A;
cell volume = 362.78(3) A%; dea = 7.160 g cm™; chemical formula sum: Sr2Cro.72Nio.23051.0506
(Z=4); and the final R indices are 1.854% (Rwp), 1.250% (Rp), 0.753% (RB), and 0.370% (RE).
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Table 5.6 Atomic coordinates and equivalent isotropic displacement parameters (U,
10 A?) and anisotropic displacement parameters (Ujj, 10~ A2) for Sr2Cro25Ni750s0¢ at room

temperature as revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
Srl 4d 1 0 0.5 0.25 12.8
Nil 2a 0.74(2) 0 0 0 2.7
Crl 2a 0.26 0 0 0 2.7
Os2 2b 1 0 0 0.5 5.0
01 de 1 0 0 0.2594(6) 18.5
02 8h 1 0.2312(9) 0.2885(9) 0 22(14)
Atom Un U2 Uss U1 Uis Uzs
Sr1 125(3) =Uy 13.4(6) 0 0 0
Nil 1.7(6) = Ui 5(1) 0 0 0
Crl 1.7 =Un 5 0 0 0
0s2 4.6(2) = Uy 5.8(3) 0 0 0
o1 20(2) = Uy 16(3) 0 0 0
02 22.4 =Un =Un 0 0 0

Space group: I4/m (tetragonal; no. 87); lattice constants @ = 5.5341(2) A and ¢ = 7.9247(3) A;
cell volume = 242.70(15) A%; dear = 7.094 g cm™; chemical formula sum: Sr2Cro26Nio.740sO6
(Z=12); and the final R indices are 2.184% (Rwp), 1.403% (R}), 0.838% (RB), and 0.344% (Rk).

The synchrotron XRD patterns for Sr2Cro.sNio.sOsOs at 454 K and room temperature
are presented in Fig. 5.6 and 5.7. The structure refinements for Sr2Cro.5sNips0sOg indicate it
crystallizes into a different structure at room temperature (below 7w) from the structure at 454
K. The high-temperature structure of Sr2CrosNip.sOsOs was well refined in the tetragonal
structure (/4/m), which is same structure that the other two Ni-rich samples, Sr2NiOsOs and
S12Cro.25Ni0.750s0es, crystallize into. Ni and Cr atoms distribute over 2a site by approximately

1:1 and the occupation of Os atom at 2a site is given to be 0.02 by the refinement (see Table
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5.7). The 2b Wyckoft position is 100% occupied by Os atom (labeled as Os2). It was failed to
reach a reasonable solution for the synchrotron XRD pattern of the same powder sample at
room temperature when assuming the space group /4/m. Compared to the XRD pattern
collected at 454 K, the split of peaks was realized by zooming in the room-temperature XRD
pattern, for example, the peaks with the maximum at 23.5° split into multiple peaks in the
room-temperature pattern (see the inset of Fig. 5.7). Based on the feature of split, a monoclinic
model (/12/m1, No.12) and a triclinic (/ -1, No.2) were assumed for the XRD pattern at room
temperature. A more reasonable agreement between the observed and calculated patterns and
the refined crystallographic parameters was obtained by assuming the monoclinic model,
presented in Table 5.8. Note that this monoclinic model has been applied to many double

perovskite oxides such as Sr2CoOsOg [17], SroFelrOg [18], Sr2FeSbOs [19], SraNiTeOg [20],

and Sr>2NigsMgosTeO¢ [21].
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Fig. 5.6 Rietveld refinement of the powder synchrotron XRD profile of Sr2Cro.5Nio.s0sO¢ (4 =
0.65298 A) collected at 454 K. The crosses and solid lines show the observed and calculated
patterns, respectively, with their differences shown at the bottom. The expected Bragg
reflections for the /4/m cell are marked by ticks.
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Fig. 5.7 Rietveld refinement of the powder synchrotron XRD profile of Sr2Cro.sNig5s0sOs (4 =
0.65298 A) collected at room temperature. The crosses and solid lines show the observed and
calculated patterns, respectively, with their differences shown at the bottom. The expected
Bragg reflections for the /12/m1 cell are marked by ticks. The inset is the horizontal expansion
and compared with the data at 454 K.
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Table 5.7

as revealed by synchrotron XRD

Atomic coordinates and equivalent isotropic displacement parameters (U,
10 A2) and anisotropic displacement parameters (Uij, 107> A2) for Sr2CrosNigsOsOs at 454 K

Atom Site Occp. X y z Ueq
Srl 4d 1 0 0.5 0.25 16.8
Nil 2a 0.52(13) 0 0 0 2.2(3)
Crl 2a 0.46 0 0 0 2.2
Os1 2a 0.020(12) 0 0 0 2.2
Os2 2b 1 0 0 0.5 7.7
o1 4e 1 0 0 0.2641(7) 23(2)
02 8h 1 0.239(11) 0.281(13) 0 16(12)
Atom Un Uz Uss Ui, Uis Uz
Srl 149(3) =Un 20.7(5) 0 0 0

Nil 2.2 =Un =Un 0 0 0

Crl 2.2 =Un =Un 0 0 0
Os1 2.2 =Un =Un 0 0 0
0s2 5.4(2) =Un 12.4(4) 0 0 0

01 23.0 =Un =Un 0 0 0

02 16.1 =Un =Un 0 0 0

Space group: I4/m (tetragonal; no. 87); lattice constants a = 5.5475(2) A and c = 7.8580(2) A;
cell volume =241.83(12) A3; dear=7.138 g cm™; chemical formula sum: Sr2Cro46Nio 520510206
(Z =2); and the final R indices are 1.808% (Rwp), 1.222% (Rp), 0.906% (Rg), and 0.424% (RF).
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Table 5.8 Atomic coordinates and equivalent isotropic displacement parameters (U,
10 A?) and anisotropic displacement parameters (U, 10 A?) for SrCrosNips0sOg at room

temperature as revealed by synchrotron XRD

Atom Site Occp. X y z Ueq
sr1 4d 1 0.0050(4) 0.5 0.2478(6) 13.8(3)
Nil 2a 0.52(2) 0 0 0 1.4(6)
Crl 2a 0.45 0 0 0 1.4
Osl 2a 0.024(2) 0 0 0 14
Os2 2b 1 0 0 0.5 9.6(2)
01 4i 1 0.029(2) 0 0.260(16) 9(14)
02 8h 1 -0.285(16) 0.231(15) -0.030(10) 9

Space group: /12/m1 (monoclinic; no. 12); lattice constants a = 5.5365(8) A, b = 5.5422(7) A,
c=7.851(10) A and B = 89.8080(8); cell volume = 240.91(6) A%; deas = 7.172 g cm™; chemical
formula sum: Sr2Cro46Ni0.520s1.0206 (Z = 2); and the final R indices are 2.858% (Rwp), 1.565%
(Rp), 1.343% (RB), and 0.743% (RF).

The major bond lengths were calculated for each sample from the refined parameters,
as shown in Table 5.9. The BVSs for Sr at A-site and transition metal ions at B/B’-sites (B is
the transition metal ion at 4b in cubic or 35 in trigonal or 2a in tetragonal or 2a in monoclinic
structure; B’ is the transition metal ion at 4a in cubic or 3a in trigonal or 26 in tetragonal or 2d
in monoclinic structure) are also listed in Table 5.9. The BVS for Sr in each sample is always
closed to divalent. But for the transition metal ions at B/B’ sites, the situation becomes more
complicated. For the end points, the BVSs for Cr, Ni and Os are nearly comparable with
expected values. The Cr and Os are 3+ and 5+ in Sr2CrOsOg while Ni and Os are 2+ and 6+ in
Sr2Ni1OsOg. Because of Cr and Ni showing different valence states in the end points sample, it
may cause potential complexities of identifying valence states for substitutional series samples.

Unsurprisingly, the complexities were confirmed from the calculation of BVSs for Cr/Os at

B/B’ especially for the 50% substitutional sample Sr2CrosNipsO0sOs. The BVSs for Cr in

124



Sr2CrosNipsOsOs were calculated from the bond-valence parameters of Cr’* and Cr**
respectively, both of these BV Ss are shown in the Table 5.9, however, neither of them is closed
to the expectation. The bond-valence parameters of Os>" and Os®" are used to deduce the BVSs
for Os on B’ site of Sr2Cro.5Nio50sOs. The difficulty to distinguish the valence state at B sites
through BVS calculation is likely caused by three different transition metal ions mixing at the
same position. The average length for B-O and B’-O bonds above the i, are shown in Fig. 5.8.
The B’-O bonds in Sr2CrixNixOsOg (x = 0 and 0.25) are longer than that in Sr2CrixNixOsOs
(x=0.5, 0.75 and 1), which may indicate the valence state of Os metal ion increases with the
transition from cubic to tetragonal structure. For comparison, the average length of B’-O bonds
in Sr,CrOsOg reported previously is 1.955 A at room temperature [9]. The Os-O bond length
of our Sr,CrOsQs sample is slightly shorter than the reported value either at 750 K (1.927 A,
cubic structure) or room temperature (1.928 A, trigonal structure). The BVS for Os in
Sr2CrOsOg is still close to pentavalent, although the bond length is slightly shorter than the
0s°*-O bonds in reported previously Sr2FeOsOs (1.996 A) [22], Sr2ScOsOs (1.96 A) [23],
Ba;YOsO¢ (1.961 A) [24] and Pro,NaOsOs (1.968 A) [25]. Furthermore, the Os-O bond length
of Sr2Cro.75Nip250s0s is more closed to the average Os®*-O bond length. The average Os®*-O
bond lengths were reported in some other double perovskite oxides such as Ca2CoOsOg (1.933
A)[26], Sr2Co0s06 (1.917 A) [17], CazNiOsOg (1.925 A) [16] and Ba;NiOsOs (1.943 A) [27].
Cr atoms locate at the center of octahedra in cubic structure of SroCrOsOs and they are
coordinated with six Cr-O bonds with equal length. The undistorted octahedra suggests Cr**
should be ruled out. The trivalent Cr can be deduced from the 1.995(3) A of Cr-O bond length
that is close to average Cr’*-O bond in simple or double perovskite oxides such as BiCrOs;
(1.990 A), ErCrOs (1.976 A) [28] and CaxCrSbOs (1.986 A) [29]. Although the structure
transfers from cubic or trigonal to tetragonal structure, the distortions of (BOg) octahedra are

subtle and the average B-O bond lengths increases to 2.056 A with the 50% substitution of Cr
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by Ni. Resulted from the mixture of Cr and Ni at B sites, the bond length of B-O should be the
balanced result between Cr-O with Ni-O. The length of Ni-O in another end point SroNiOsOg
and is comparable to Sr2NiOsOg or CaxNiOsOg reported previously [16], which are consistent
with the BVSs of Ni. Similarly, the BVSs for Ni in substitutional series Sr2CrixNixOsOg (x =
0.5, 0.75) are 2.03 and 2.05 respectively. In contrast, the BVSs for Cr are still tricky. To identify
the exact valence states for Cr, Ni and Os in Sr2CrixNixOsOs (x = 0.25, 0.5 and 0.75) still

requires additional measurement.
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Fig. 5.8 Average bond length of B-O and B’-O in Sr2Cr1.xNixOsOs (x = 0, 0.25, 0.5, 0.75 and

1), estimated from structure refinement above their own 7Tp,.
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Table 5.9

WNixOsOs (x =0, 0.25, 0.5, 0.75 and 1)

Comparison of the Lattice and Structural Parameters of the series SroCri-

x=0(750K) x=025(50K) x=05(454K) x=0.75 x=1
Space group Fm -3m Fm -3m 14/m 14/m 14/m
a(A) 7.84460(5) 7.84115(3) 5.5475(2) 5.5341(2) 5.5320(2)
c(A) 7.8580(2) 7.9247(3) 7.9204(3)
deaica (g/cm?) 7.149 7.185 7.138 7.094 7.127
Rup (%) 1.942 1.785 1.808 2.184 2.376
Ry (%) 1.335 1.218 1.222 1.403 1.480
R (%) 0.831 0.730 0.906 0.838 0.908
Rr (%) 0.430 0.348 0.424 0.344 0.426
B-O1 (A) 1.995(3) x6 2.0128(16) x6 2.075(6) x2 2.056(5) x2  2.060(6) x2
B-02 (A) 2.046(6) x4 2.048(6) x4  2.053(5) x4
B’-01 (A) 1.927(3) x6 1.9078(16) x6 1.854(6) x2 1.907(5) x2  1.900(6) x2
B’-02 (A) 1.890(6) x4 1.891(6) x4  1.899(5) x4
B-O1-B’ (deg)  180.0 180.0 180.0 180.0 180.0
B-02-B’ (deg) 170.4(4) 166.8(4) 163.5(3)
Average (deg) 180.0 180.0 175.2(4) 173.4(4) 171.8(3)
Atom BVS
Sr 2.04 2.04 2.08 2.11 2.18
Cr at B-site 2.88 2.75 2.45/2.49 2.48/2.52
Ni at B-site 2.28 2.03 2.05 2.03
Os at B’-site 5.14 5.42/5.94 5.88/6.44 5.59/6.13 6.08

127



x =0 (RT) x = 0.25 (RT) x = 0.5 (RT)

Space group R-3 R-3 112/m1
a(Ad) 5.5147(12) 5.5566(3) 5.5365(8)

b (A) 5.5422(7)
c(A) 13.4879(2) 13.5674(5) 7.851(10)
deatca (g/cm?) 7.286 7.161 7.172

Rup (%) 1.863 1.854 2.858

Ry (%) 1.320 1.250 1.565

Rz (%) 0.714 0.753 1.343

R (%) 0.314 0.370 0.743

B-O1 (A) 1.987(6) 2.021(3) 2.048(16) x2
B-02 (A) 2.046(10) x4
B-01 (A) 1.928(6) 1.916(3) 1.891(16) x2
B-02 (A) 1.922(9) x4
B-O1-B’ (deg) 169.0(4) 170.9(4) 170.6(7)
B-02-B’ (deg) 161.6(5)
Average (deg) 169.0(4) 170.9(4) 166.1(6)
Atom BVS

Sr 2.27 211 2.28

Cr at B-site 2.95 2.69 2.51/2.55

Ni at B-site 2.23 2.08

Os at B’-site 5.13 5.30/5.81 5.37/5.88

BVS = YN | v;, where v; = e(Ro~W/B N is the coordination number, / is the bond length, B =
0.37 [30], Ro(Sr?") = 2.118 [30], Ro(Cr*") = 1.724 [30], Ro(Cr*") = 1.73 [30], Ro(Ni**) = 1.654
[30], Ro(Os>") = 1.87 [31, 32], and Ro(Os®") = 1.904 [33]. The BVS for Cr before the slash is
calculated from Ro(Cr*"), the latter one is calculated from Ro(Cr*"). The BVS for Os before the

slash is calculated from Ro(Os>"), the latter one is calculated from Ro(Os®").

The temperature dependence of p for SroCrixNixOsOg (x =0, 0.25, 0.5, 0.75 and 1) is
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shown in Fig. 5.9. The resistivity (p) for each sample continuously increases upon cooling,
which is an indicative of the insulating behavior. At room temperature, the resistivities of
Sr2CrixNixOsOs (x = 0, 0.25, 0.5, 0.75 and 1) are 0.98, 0.37, 1.36, 128.01 and 43.51 Q cm
respectively. The order of magnitude of the observed values of 0.98 Q cm for Sr2CrOsOs is
smaller than the value of 8.6x10%2 Q2 cm or 10 Q cm reported previously by different groups for
SroCrOsO¢ [6, 9]. The grain boundaries play a key role in measuring the resistivity of
polycrystalline samples, which may cause the distinction between different Sr2CrOsOs
samples. Among the substitutional series samples, the resistivities of SroCrixNixOsOs (x = 0,
0.25 and 0.5) are smaller than Sr>CrixNixOsOs (x = 0.75 and 1) at any temperatures and
increases slower with cooling down. It indicates the intrinsic of these three samples Sr2Cri-
NixOsO¢ (x = 0, 0.25 and 0.5) should be more metallic than the other two Ni-rich samples.
The two Cr-rich samples are cubic structure at temperatures above their 7c while Ni-rich
samples Sr2Cr1.xNixOsOs (x = 0.75 and 1) have distorted perovskite structure with the B-O2-
B’ bond deviating from 180° (see Table 5.9). This structural distortion may reduce the overlap
between orbitals, resulting in Ni-rich samples show much poorer conductivity [2]. The
Arrhenius law was applied to the 7! scaled data of each sample over the high temperature
range in order to estimate the activation energy (£.) from p = po exp(Ea/ksT), where po and ks
are a temperature-independent constant and the Boltzmann constant, respectively. The fitting
to Sr2Cro.sNio.sOsOg is shown by the solid line in Fig. 5.10. The comparison of E, for the
substitutional series samples is shown in the inset of Fig. 5.9. The activation energy increases
with the substitution of Cr by Ni, confirming the conductivity is weakened by introducing Ni
into B site. Variable range hopping (VRH) mechanism is expected at low temperatures, in
which conduction occurs by hopping from localized centers. The electrical transport of
S12Cro.sNios0sO6 on T2 and T-"* scale is given in Fig. 5.10. The linear behavior on the 7*'/?

scale is better than on the T"'"* scale, in another word, the Efros-Shkolvskii model gives a better
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fit to the data of Sr2Cro.5sNip.sOsOe than Mott 3D model [34, 35]. It indicates a soft gap in the
density of states near the Fermi level is created by Coulomb interaction [34]. Except
S12CrOsOs, other four samples all show a better linear behavior on the 7"/ scale rather than

on the T4 scale.
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Fig. 5.9 Temperature dependence of electrical resistivity for polycrystalline SroCri-xNixOsOsg
(x=0,0.25, 0.5, 0.75 and 1) upon cooling (solid dot) and heating (open dot). The activation
energy estimated from Arrhenius law for Sr>CrixNixOsOs (x = 0, 0.25, 0.5, 0.75 and 1). The
dashed curve is a guide for eyes.
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Fig. 5.10 The alternative plots of the data. The red line indicates a fitting to the

Arrhenius law in the high-temperature region for Sr2Cro.5sNip.50sOe.
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The temperature dependence of y in an applied magnetic field of 10 kOe is shown in
Fig. 5.11. Because the transition temperatures of Sr2CrixNixOsOs (x = 0, 0.25 and 0.5) are
higher than 400 K, the y(7) curves for these three samples were collected at higher temperature
and the combined data shown in Fig. 5.11 (a). Unlike Sr2CrixNixOsOg (x = 0, 0.25 and 0.5),
the bifurcation of ZFC and FC magnetization were not observed in Ni-rich samples Sr2Cri-
NixOsOg (x = 0.75 and 1) and both of them show sharp peaks at 40 K, indicating a typical
signature of antiferromagnetic order. We applied the Curie-Weiss law 1/y = (7-60)/C to the high-
temperature portion of the 1/y — T curve (200- 400 K) for samples Sr>Cro25Nig250sOs and
Sr2NiOsQOs. The best fitting gives the C (the Curie constant) of 1.232(2) emu mol™! K for
S12Cr0.25Ni0.250506 and of 1.362(17) K for Sr2NiOsOe, resulting in the 6 (Weiss temperature)
of 46.4(6) K for Sr2Cro.25Nip.250s0¢ and of 36.0(4) K for Sr2NiOsOs. The effective magnetic
moment (Ler) can be deduced from C, which are 3.14 pg for Sr2Cro.25Nip.250s06 and 3.30 up
for Sra2NiOsOs. The theoretical spin-only moment of Os®* and Ni?* is 4 g that is slightly larger
than the observed value. The spin-orbit interaction may cause such underestimated s value
[36]. The high magnetic transition temperatures (7m) make it difficult to reach a linear ! vs T

curve of Sr2CrixNixOsOg (x = 0, 0.25 and 0.5) above their T [see Fig. 5.11 (b)].

The magnetic transition temperatures for each sample were presented in the inset of
Fig. 5.11 (b), showing the T, tends to decrease with the substitution of Cr by Ni. Sample
Sr2CrOsO¢ shows the magnetic transition at 663 K, which is comparable to 660 K reported
previously [9]. x(T) curves of Sr2CrixNixOsOs (x = 0, 0.25 and 0.5) increase remarkably at
their Tm, suggesting the occurrence of long-range magnetic ordering. The ferrimagnetism in
double perovskites was thought to be driven by kinetic energy, which induces considerably
high T in several cases [6, 37]. Electron doping was used to increase 7 in the double
perovskite structures, for example, the T was increased by more than 100 K by La*" doping
in LaSrFeMoOs and LaCaCrWOg [13, 14]. Alternately, the higher 7, in Sr2BB’Og¢ (B = Cr, B’
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= 5d transition metal) series can be achieved by replacement of 5d transition metal ion with
more electrons, for instance, the Tm of Sr,CrWOg with W' (54"), Sr.CrReOg with Re’" (547)
and Sr2CrOsOs with Os>" (54°) are 458 K [2], 635 K [3] and 660 K (from this study),
respectively. In this study, the substitution of Cr** by Ni** partially leads to a part of Os>* (54%)
replaced by Os®" (54%) corresponding to BVSs for Os in Sr2Cr1xNixOsO¢ (x =0, 0.25 and 0.5),

resulting in the decrease of Ty until x = 0.5.

The non-monotonic magnetic susceptibility of either ZFC or FC with the decrease of
temperature can be clearly discerned in our high-pressure prepared Sro>CrOsOg sample, which
is caused by the different temperature evolution of the magnetic moment for Os and Cr
sublattice [9]. The similar phenomena are not obvious in the M-T curves of the substitutional
Cr-rich samples. It is notable that Sr2CrosNio.sO0sOs shows much higher FC magnetization at
low temperature than any others, which is in good agreement with isothermal magnetization

measurement.
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Fig. 5.11 (a) Temperature dependence of ZFC (open dot) and FC (solid dot)

susceptibilities (H = 10 kOe) for Sr2Cr1xNixOsOg (x =0, 0.25, 0.5, 0.75 and 1). (b) Alternative
plots of the ZFC data for fitting to the Curie-Weiss law. The fitting is shown by black broken
line. The inset is the magnetic transition temperature of Sr>Cr1xNixOsOs (x =0, 0.25, 0.5, 0.75

and 1) and the red dashed curve is a guide for eyes.

Isothermal magnetization of each of these substitutional series at 5 K shown in Fig.
5.12(a). A linear behavior was observed in the curves of two Ni-rich samples (x =0.75 and 1),
while the samples with x =0, 0.25 and 0.75 all exhibit hysteresis, which are consistent with the
ZFC and FC magnetization for each of sample. With the substitution of Ni for Cr, the electronic
configuration (3d 3-5d 3) of SroCrOsOs changes to electronic configuration (3d 8-5d 2) of
SroNiOsOg progressively, correspondingly, magnetism transfers from ferrimagnet to
antiferromagnet. The spontaneous magnetizations are recorded in Fig. 5.12(b). The value is

improved by substituting of Ni for Cr and reaches the maximum when x = 0.5. The saturation
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magnetization decreases with replacement of Ni by Cr was also observed in Cr-substituted

nickel ferrite [38]. This might be ascribed to the diamagnetic nature of the Cr’".

The intermediated Ni-substituted sample Sr>CrosNigsOsOs possesses the highest
saturated magnetization amongst this substitutional series. The saturated magnetization for
S12Cro.5Nip.50sOg 1s estimated to be ~1.2 pug/mol from Fig. 5.12(a). The ferromagnetic ordering
below 7Tt is precluded for Sr2Cro.sNio.sOsOg since the value of 1.2 pug/mol is still much smaller
than the saturated magnetization of 2.3 pup/mol observed experimentally in the ferromagnetic
material Ba2NiOsOg [39]. The end points samples, SroCrOsOg and SroNiOsOs, were assigned
as ferrimagnetic and antiferromagnetic respectively by neutron powder diffraction studies [9,
16]. The magnetic ground state for Sr2Cro.5Nip.s0sOs or Sr2Cro.75Nip.250s0¢ can be deduced to
be ferrimagnetic or closely similar state. Spin-orbit coupling (SOC) plays a pivotal role in 5d°
cases, allowing a small but non-negligible orbital contribution to both Sr2CrOsOs and
CaCrOsOgs [9]. Since the orbital contribution is involved in, magnetic moment on Os is
reduced which the magnetic moment of spin-up and spin-down is not same. Samples Sr>Cr;-
xNixOsOg (x = 0, 0.25 and 0.5) are ferrimagnetic rather than antiferromagnetic, which are due
to the SOC effect. In contrast, fully compensated magnetism occurs in Sr2CrixNixOsOs (x =
0.75 and 1). Since Os>" (5d ?) is replaced by Os®* (54 %) with the substitution of Cr, SOC effect
is weakened, which may cause the magnetic ground state jumps from ferrimagnetic to

antiferromagnetic with the increase content of Ni from 0.5 to 0.75.

A related double perovskite CazNiOsOg adopts a canted antiferromagnetic ordering
below 175 K confirming with neutron diffraction measurement [16], the saturation
magnetization for Ca;NiOsOg is only 0.5 pg/mol. A similar saturated magnetization of 0.52
us/mol is observed experimentally in a double perovskite LuxNilrOs [40]. The saturation
magnetization of another perovskite-structure oxide LazNixSbOg is 1.6 up/mol, which is

contributed by two Ni**, in another word, 0.8 s is contributed by per Ni** equally.
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Ferrimagnetic ordering was proposed for both LazNiSbO9 and Lu,NilrOg below Trm. Compared
to these related compounds and Sr2CrixNixOsOs (x = 0 and 0.25), the enhancement of
saturation magnetization for Sr2Cro.sNio.sOsOg is significant. When 50% of B sites are occupied
by Ni, the cubic structure is broken and Sr2CrosNipsOsOg crystallizes into a tetragonal
structure. Accordingly, average B-O-B’ bond angles deviate from 180° slightly (see Table 5.9).
An analogous magnetism change induced by structural transition has been observed for
A>NiOsOg (4 = Ca, Sr, Ba), wherein the lattice symmetry is decided by the size of 4 [39].
However, the Ni-substituted Sr2Cro25Nio750s0s maintains the same symmetric lattice as
S12Cro.5sNio.sOsOg, the net magnetic moment is not even present. The structural transition plays
a minor role in the change of magnetic property for this case. According to current studies, the
physical nature of Sr2Cro.5sNip50sO¢ remain elusive so far. To settle this open question, more
measurements are required to carry on. For example, neutron diffraction and X-ray magnetic
circular dichroism (XMCD) measurements may offer possibilities for distinguishing the effect
of SOC on the magnetic properties of Sr2Cr1xNixOsOg (x =0, 0.25 and 0.5). The first-principle
calculation for the ordered phase of Sr2Cro.sNiosOsOg is shown in Fig. 5.13. In the band
structure of ordered Sr2Cro.5Nio.sOsOs with tetragonal structure, the Fermi level lies in the spin-
down bands, suggesting the compensated half metal property [1]. A possible reason why the
insulating rather than half metal behavior was observed from Fig. 5.9 is the disordered
occupation at 2a sites. It should be noted that the strength of the SOC has not been measured

from the calculation. The effect of SOC on opening a gap will be considered in the further study.
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The temperature dependence of C, for each sample is plotted in Fig. 5.14. There is no
anomaly observed in any samples, which is indicative of a bulk transition, over the range of 2-
300 K. The low-temperature region is plotted in the Cp/T vs. T? form in the inset of Fig. 5.14.
An approximated Debye model (Cy/T =y + PoT?) was applied for samples Sr2Cr1xNixOsOp (x
=0, 0.25 and 0.5) while the plots of Cp/T vs. T* for Sr2Cro.25Nig 750506 and Sr2NiOsOg deviate
from linear behavior. The linear fitting on the data of Sr2Cro.sNiosOsOs gives a Sommerfeld
coefficient (y) of 3.9(17) x 102 J mol! K and the constant o of 5.50(18) x 10* J mol! K,

The Debye temperature was calculated from o to be 327.9(4) K. These values are listed in

Table 5.10.
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Fig. 5.14 Temperature dependence of specific heat for Sr2Cr1.xNixOsOs (x = 0, 0.25,

0.5, 0.75 and 1). The upper axis corresponds to the Dulong-Petit limit of the lattice specific
heat. (Inset) Linear fit to the Co/T vs. T* curve for the low-temperature region for
Sr2Cro.5Nip.50s0e.

137



Table 5.10 Comparison of the Sommerfeld coefficient (y), the constant Bp and Debye
temperature of Sr2Cr1xNixOsOg (x = 0, 0.25 and 0.5) estimated from Debye model.

SI‘zCI‘OSO6 SI‘zCI‘onNio,stSOG SI‘zCIo.sNio_sOSOG
»(x 103 J mol'! K2) 2.6(4) 1.5(6) 3.9(17)
Bo (x 10* J mol! K#) 2.94(4) 3.55(6) 5.50(18)
Debye T. (K) 404(18) 379(2) 327.9(4)
5.4 Summary of chapter 5

The substitutional series samples of Sr2CrixNixOsOg (x = 0, 0.25, 0.5, 0.75 and 1)
were synthesized successfully. The cubic structure is retained when 25% Cr atoms are replaced
by Ni, since then, more substitution of Cr triggers cubic perovskite structure distort to
tetragonal structure until substituted fully by Ni. Due to Sr2Cr1xNixOsOg (x = 0, 0.25, 0.5)
show net magnetic moments below T, structures of these three samples changes to a lower
symmetric lattice. The following discussion about the structure of each sample will be based
on the synchrotron XRD measurements above their magnetic transition temperature. Structural
comparison of Ni-substituted samples Sr2Cri.xNixOsOs (x = 0, 0.25, 0.5) are shown in Fig.
5.15. Compared to cubic crystal structure of SroCrOsOg and Sr2Cro.75Ni0.250sOs, other than
octahedral tilting appears in tetragonal lattices of Sr2Cri1.xNixOsOs (x = 0.5 and 1), the reduction
in the B-O-B’ bond angle from 180° in SroCrOsOs and Sr2Cro.75N10.250sO¢ to an average of
171.8(8) © in Sr2NiOsOg is observed. In general, the structural variation seems to have a large
impact on the electronic and magnetic properties. But for this series substitutional samples, the
structural transition is not the dominant reason driving either electronic or magnetic properties.
Here exists more complicated physical mechanism may account for it, but it so far beyond our

current research.

The electronic and magnetic properties of Sr2Cr1xNixOsOg (x = 0, 0.25, 0.5, 0.75 and
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1) are summarized in Table 5.11, compared with several related half-metallic compounds.
Although all of these samples show the semiconducting behavior from the temperature
dependence of resistivity measurements, the values for Sr2CrixNixOsOs (x = 0, 0.25 and 0.5)
are 1-2 orders of magnitude smaller than two Ni-rich samples. For the variation of magnetic
properties, the 50% Ni-substituted sample Sr2Cro.sNiosOsOs shows the largest magnetization
value of 1.2 pg/mol among the series samples along with a lower 7. (348 K), but it is still above
room temperature. Same as typical antiferromagnetic material Sr2NiOsOs, Sr2Cro.25Ni0.750506
does not show hysteresis loop even at 5 K. A remarkable phenomenon is that Sr2Cro.5Nip.s0sO¢
crystallizes into the same tetragonal structure as Sr2NiOsOs or Sr2Cro.25Nio.750s0s, but the
magnetic property of Sr2CrosNips0sOs is more closed to the ferrimagnetic Sr2CrOsOs and
S12Cr0.75N10.250s0¢ with cubic structure. In addition, the saturated magnetization is enhanced
in Sr2Cro5Nip50s0s. Sr2Cro sNig50sO¢ offers ample possibilities for the design of high- Tt

ferrimagnetic materials.

Sr,Cr 75Nip 250s0¢ Sr,Cry.sNig 50s0g SryCrp 25Nig 750504

Fig. 5.15 Structural comparison of Sr2CriNixOsOg (x = 0.25, 0.5 and 0.75). The
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crystal structure changes from cubic (Fm -3m) structure of x = 0.25 to tetragonal (/4/m) structure
of x = 0.5 and 0.75. bluish and brown octahedra represent BOs and B’Og. Cr, Ni and Os atoms
are denoted as blue, silver and brown balls. The grey squares are the boundaries of single unit

cell. Structures of Sr2Cri-xNixOsOg (x = 0.25, 0.5) shown here are the structure above T-.

Table 5.11 Comparison of the magnetic and transport properties for Sr2Cr1-xNixOsOg (x
=0, 0.25,0.5,0.75 and 1) and several half-metallic compounds. p29sx, Tm and M; are resistivity

at 298 K, magnetic transition temperature and saturation magnetization, respectively.

Compound P08k (€ cm) Tm (K) M (ps/fu.) Reference
S1,CrOsO¢ 9.8x 107! 663 ~0.13 [6] [9] and this work
S12Cro.75Ni0.250506 3.7x 10! 480 0.4 This work
Sr2Cro.5Nips0sOs 1.4x 10° 348 1.2 This work
Sr2Cro.25Nip 750806 1.3x 10? 46 This work
S1oNi0sOs 4.4x 10! 36 [16] and this work
SroFeMoOs 8x 1073 420 3.1 [1]
Sr2CrMoOs 8x 1072 ~300 0.5 [5]
Sr2CrWOs ~1.1x 10? 458 1.1 [2]
Sr2CrReOs 10-3-1072 635 0.86 [41]
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Chapter 6 General Conclusions and Future Prospects

6.1 General Conclusions

5d metal oxides have garnered significant interest in the past few years, leading to
such spectacular phenomena as high T ferrimagnetism, half metallicity, ferroelectric metal,
metal-insulator transition and etc. The explorations of new materials involve 5d metals where
the interplay of spin-orbit coupling and strong correlations are expected to lead to more novel
phases of matter. The work of this thesis targets 5d metal oxides materials and expects to
complement experimental results for understanding their novel physical phenomena. Here are
eight perovskite-related mercury or osmium oxides included in this thesis, which were
synthesized under high-pressure and high-temperature (HPHT) conditions and characterized
through crystal structure, physical properties measurements. The main achievements are

summarized below:
(i) Crystal structure and semimetallic property of HQPbOs

The polycrystalline and single crystal HgPbOs were successful synthesized under
HPHT conditions. The crystal structure of it was well characterized as a centrosymmetric
model with a space group of R-3m rather than as a noncentrosymmetric model as was expected.
Pb*" was found to be octahedrally coordinated by six oxygen atoms as usual, while Hg?" is
coordinated by three oxygen atoms in a planar manner, which is very rare coordination Hg in
a solid-state material. The magnetic and electronic transport properties were investigated in
terms of the magnetic susceptibility, magnetization, Hall coefficient, and specific heat capacity
of polycrystalline HgPbOs. Although HgPbOs has a carrier concentration (= 7.3-8.5 x 10?° cm’
3) that is equal to that of metallic oxides, the very weak temperature dependence of the electrical

resistivity (residual-resistivity ratio ~ 1.5), the significant diamagnetism (= - 1.02 x 10* emu
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mol! at 300 K) that is in the same order of that of Bi powder, and the remarkably small
Sommerfeld coefficient [= 1.6(1) x 1073 ] mol~! K™?] implied that it is semi-metallic in nature.
HgPbOs does not have a cage structure; nevertheless, at temperatures below approximately 50
K, it clearly exhibits phonon excitation of an anharmonic vibrational mode that are as

significant as those of RbOs>Os.

(ii) New phase of BazCuOs209 and BasNiOs209 under high-pressure and high-

temperature conditions

The osmium perovskite oxide compounds with the composition of BazCuQOs>O9 and
Bas;NiOs209 can be synthesized using conventional solid-state reaction and both of them show
antiferromagnetic properties below 7c. New polymorphs of these two compounds were
synthesized under high-pressure and high-temperature conditions at 6 GPa and 1100 °C. Under
the synthetic condition, Ba3CuOs209 crystallizes into a hexagonal structure (P63/mmc) with a
=5.75178(1) A and c = 14.1832(1) A, and undergoes a 1.36% increment in density, compared
to that of the orthorhombic phase. Although Ba3;CuOs20O9 maintains its 6H perovskite-type
structure, the distribution of Cu and Os atoms are dramatically altered; (Cu)44(Os,0s)sr transits
to (0s)24(Cu,Os)srordering over the corner- and face-sharing sites, respectively. The hexagonal
Ba;CuOs209 exhibits a ferrimagnetic transition at 290 K, which is in stark contrast to the
antiferromagnetic transition at 47 K exhibited by the orthorhombic Ba;CuOs;09. The enhanced
transition temperature is most likely due to the strongly antiferromagnetic Os>*—O—Os>" bonds
and the moderately antiferromagnetic Os>*—~O—Cu?" bonds, the angles of which are both
approximately 180°. The 290 K ferrimagnetic transition temperature is the highest reported for
triple-perovskite osmium oxides. Besides, the coercive field is greater than 70 kOe at 5 K,
which is remarkable among the coercive fields of magnetic oxides. To better understand the
magnetic properties of BazCuOs209, a comparative study was carried out. The replacement of

Cu by Ni was to produce another hexagonal osmium perovskite oxides under HPHT conditions.
147



Compared to BazCuOs209, BazNiOs2O9 shows higher ferrimagnetic transition temperature at

370 K while the coercive field of BazNiOs>O9 becomes smaller.

(iii) The structural transition and variation of magnetic properties for 3d-5d

hybrid double perovskite oxides Sr2CrOsOgs driven by Ni-substitution

The substitutional series samples of Sr2CrixNixOsOs (x = 0, 0.25, 0.5, 0.75 and 1)
were synthesized successfully. The structural transition from cubic to tetragonal occurs at x =
0.5 while it is found that the magnetic property changes from ferrimagnetic to
antiferromagnetic when the substitutional Ni increases from 0.5 to 0.75. All of these results
make the intermediate Ni-substitution compound Sr2Cro 5sNip.s0sOg unique. The transition of
magnetic property is not accompanied by obvious structural transition, indicating the
mechanism of magnetic variation in this substitutional series samples is not driven by structure
simply, in another word, there exists more complicated physical mechanism behind it.
Sr2Cro.5sNio.sOsO¢ maintains the ferrimagnetic property below 7. of 348 K, meanwhile, it shows

largest saturation magnetization value of 1.2 ug/mol among the series samples.

6.2 Future Prospects

There are still several unraveled puzzles left by current experimental efforts of this
thesis: (a) The exact magnetic structures of Ba;CuOs;09 and BazNiOs;Oy in chapter 4 require
neutron diffraction measurements. (b) To better understand the mechanism of magnetic
properties and crystal structure for Sr2CrosNigsOsOs and other Ni-substitution samples in
chapter 5, more measurements and theoretical calculations should be involved and the valence
states of Cr, Ni and Os need to be investigated by X-ray absorption measurements. These

proposed scenarios will go on in the future for supplementing this thesis.

Except the 5d related compounds included in this thesis, I am still working on other
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5d oxides. Recently, a double perovskite Sr30sO¢ was reported to show ferromagnetism above
1000 K by Yuki K. Wakabayashi and et al [1]. That reported 7¢c of 1060 K is the highest value
among all insulating oxides. The Sr30sOs films in this paper were grew epitaxially on SrTiOs
substrates and crystallize into a cubic double-perovskite structure. However, the structure and
magnetic properties of bulk Sr30sOs has not reported yet so far, although the isoelectronic
compound CazOsOs has been synthesized under HPHT conditions by Hai Luke Feng and et al.
in 2013 [2]. Therefore, I have prepared the bulk sample of Sr3OsOs using high-pressure
technique and the XRD pattern is shown in Fig. 6.1. The studies of bulk Sr30sOs is still in

progress.
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Fig. 6.1 Powder XRD patterns for bulk Sr;0sO¢
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