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ABSTRACT

- For the present work, the aim was set to reveal the role of isovalent-cation substitution,
i.e., substituting a cation completely or partially by another cation with the same oxidation state,
in controlling the distribution of charge/carriers and thereby the material properties in
perovskite-related oxides of the strongly-correlated electron systems. For the target systems, the
tunneling-type magnetoresistance oxides of 4>2FeMo0gs.,, with a double-perovskite structure and
the high-7, superconductive oxides of CuBa,RECu,;07.5 with a triple-perovskite structure were
selected.

For a series of fully-oxygenated cation-stoichiometric samples of CuBa,RECu;07.5, the
dependence of the magnetic irreversibility field (Hj) characteristics on the size of the rare earth
element (RE) was systematically studied. CuBa;RECuy0O7.5 samples with the RE ionic radius
[F(RE™)] varying from 0.982 A (for RE = Yby¢Lug4) to 1.066 A (for RE = Eu) were synthesized.
Oxygen content of the samples (7-8) was sct at a fixed level, i.e., in the narrow range of 6.91 ~
6.94. A clear dependence of the H, characteristics on the size of the RE constituent was revealed
such that with decreasing #(RE™) the Hi, characteristics were remarkably enhanced. The
CuBay(Yby ¢Lug 4)Cuy069, sample possessing the smallest RE constituent among the present
samples exhibited é record-high Hj, value of ~9.0 T at 77 K. The observed trend of enhancing
Hi with decreasing size of RE was explained on the basis of a concomitant shift of holes from
the charge-reservoir CuO;.5 chain to the superconductive CuO; plane, evidence for which was
revealed from bond-valence-sum calculations based on published neutron diffraction data. Since
in the CuBap,RECu,;07.5 system in general, the CuOq.5 chain is more heavily doped with holes
than the CuO; plane, such a hole shift results in a more homogeneous hole distribution over the
unit cell, which was considered advantageous in terms of enhancing the Hj;, characteristics.

According to previous *’Fe Mdssbauer spectroscopy data iron in Sr,FeMoOg possesses a

. 1
mixed-valence Fe/!

state owing to so-called valence-mixing phenomenon between Fe™ and
Mo". The present Mossbauer data for a series of A,FeMoOg., samples free from oxygen
deficiency and of essentially constant grain size demonstrated that the valence value of Fe is not
precisely fixed at 2.5, but the precise value of it is sensitively controlled by the average ionic
radius [#(4M)] of the A-site constituents, 4 (= Ba, Sr or Ca). With increasing r(4") the valence
mixing was found to be enhanced such that Fe approach the divalent state for 4 = Ba. As the
valence of Fe approaches Il and hence that of Mo approaches VI, the difference in charges
between the Fe and Mo species increases, and parallel with this the degree of Fe/Mo order was
found to increase. The Méssbauer spectroscopy results were supported by those obtained by
means of Fe L-edge XANES spectroscopy for the same samples.

Techniques of statistical multivariate data analysis provide us with an interesting means
to investigate complex systems in which - for instance - a certain important property is
simultaneously controlled by multiple pa_rafneters. Here such an analysis was employed for the

first time to look for relations and trends among chemical composition, redox state, precise
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crystal structure (bond lengths and angles) and the magnetic properties of A,B’B”’ Og.,-type
double-perovskite oxides. Tentatively, the first result of the analysis suggested that for the
double-perovskite oxides the valence of the B’ cation and the ionic radius and the valence of the
B” cation are among the most important parameters to determine the type of magnetism and the
value of T¢. Furthermore, the present analysis suggested that the structural parameters derived
form 4 constituent may affect the valence of the B’ cation and the ionic radius and the valence of
the B” cation. This implies that the A4-related parameters, i.e., the effect of isovalent-cation
substitution at 4 site, would also influence the type of magnetism and the value of 7¢ indirectly
in the general B-site ordered double-perovskite system. Through out the present studies,
effectiveness of isovalent-cation substitution at 4 site on the functional properties were
demonstrated not only by the experimental aspects but also by the statistical analyses.

In conclusion, the present study has demonstrated the effectiveness of isovalent 4-site
cation substitution in controlling various important material characteristics of functional
perovskite oxides: the size of the “spacing” A cation influences the charge/carrier distribution
among the different electronically/magnetically active transition metal species and thereby the

functional properties of the material such as superconductivity and magnetoresistance.
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1. INTRODUCTION

1.1.  Background of the Present Work
1.1.1.  Historical Studies and Potentials of Perovskite Compounds

Most of the compounds with the general formula 4BO;3 have a perovskite structure,
where the 4 cation is surrounded by 12 oxygen atoms and the B cation forms an octahedron with
6 oxygen atoms. This is called a single-perovskite structure. Since 1945, when the ferroelectric
properties of BaTiO3; were reported by von Hippel, perovskite compounds have been studied
extensively [1,2]. Until 1955 most of the possible combinations of large 4 and smaller B cations
satisfied to form perovskite-type compounds had been discovered. At the same time, not only
interests in ferroelectric materials but also expectations for laser host materials, laser modulation,
thermistors, superconductors and infrared windows were generated in perovskite compounds [2].

The single perovskites were widely studied for AIBVO3, A"BY0; and AHIBIHO3. The
A'BY0; and 4"BY0;, types are of particular interest because of their ferroelectric properties.
Among the AHBWO3-type compounds the titanates were of the highest interested because the
barium and lead titanates show the ferroelectric properties exhibiting high dielectric constants.
Thus, BaTiO; has been studied for energy converter and capacitor applications [2,3].
Perovskite-derived compounds such as Pb,ScNbOg and Pb,ScTaOg were also found to be
ferroelectric materials [2,4]. The most widespread applications of ferroelectric materials are
capacitors and the secondly dielectric amplifiers. The hysteresis loop of ferroelectric single
crystal makes them of potential use for information storage in electric computers. BaTiO3 also
exhibits piezoelectric properties. Piezoelectric materials are mainly applied for measuring
dynamic pressures in blast gauges, accelerometers, sound transmission/reception and ultrasonic
cleaning devices. Furthermore, BaTiO3 and StrTiO; have been considered for high-temperature
infrared windows.

In recent years there has been considerable interest in materials represented by
chemical formula of AIHBHIOg for laser application. Since the enhancement of lifetimes observed
for an activating ion in laser host materials with perovskite structure, an extensive search was
carried out for cubic-perovskite compounds which would accept trivalent rare-earth ions [2,5]. In
fact, some improvement of Ni'! lifetimes in perovskite-derived Ba,LuTaOg compound as a laser
host material was observed.

Application as catalysts is also possible for perovskite compounds. Perovskite-related
compounds consisting of two different elements of the B site were evaluated for fuel cell
application. The B cations were selected from those which are known to have catalytic properties
and the B’ cations were selected for the corrosion resistance they impart to a compound. The
most satisfactory catalysts were Mn-based perovskites possessing more than one valence state of

1



manganese [2].

1.1.2.  Single-, Double- and Triple-Perovskite Structures

In a single-4BO3 perovskite structure, 4 is the largest metal ion thus CN is preferred
rather large. On the other hand, B is the smaller metal ions with oxygen-deficiency and thereby a
smaller CN is more preferable. In the most of perovskite compounds, B is the transition metals
inducing the mixed-valence states thereby the oxygen non-stoichiometry is generated in a
compound. From the basic single perovskite ABOs it is possible to build up ordered-perovskite
compounds by occupying multiplly the one or both of the two cation sites, i.e., 4 or B. The
cation substituent may be randomly distributed, clustered or ordered. The double-perovskite
compounds consist of the double-ordered lattices, obtained with one-to-one stoichiometry of the
two A site, i.e., A’ and 4” or B site, i.e., B’ and B” constituents. In the case of B-site ordered
perovskites, i.e., A2B’B”Og, the two different octahedral B-cation sites consisting of B’ and B”
are alternatively ordered resulting in 8 times (2 x 2 x 2 = 8) larger than the basic cubic cell of the
simple perovskite. It is shown in Fig. 1.1.2.-1 [6]. One of the first double-perovskite compounds
with the 4",B""B>V'0¢ formula, i.e., BayScoerWo 3306 was synthesized by Fresia et al. [2,7].
AYBB V0, double-perovskite compounds were commonly synthesized containing Nb and Ta
as B” constituent. However, a decrease in the ordering with decreasing the difference in the size
of the B’" and Ta" ions was found [2,8]. For AHZB’"IB”VOG, AHZB’HB”VIOﬁ, AHzB’IB”VHOG and
A" BBV, double-perovskite compounds it was found that when the structure of these
compounds is ordered, and mostly they are, they adopt the structure shown in Fig. 1.1.2-1. It was
postulated by Galasso et al. [2,9] that an ordered distribution of B ions is most probable when a
large difference existed in either their charges or ionic radii. Fresia ef al. [2,7] revealed that other
jons such as Zn", Fe', Co" and Ni" could be adopted as B> ions in the double-perovskite
structure were not distorted. However, in studies of AgB’HUOG [2,101, A’ZB,HWOﬁ and
AzB’HMoO6 it was found that all of the compounds containing Sr in the A4 site had distorted
structures, while a number of compounds with Ba in the A4 site should form the cubic structure.
Goldschmidt [2,11] has shown that the cubic perovskite structure is stable only if a tolerance
factor, ¢, has an approximate range of 0.8 < ¢t < 0.9 and somewhat larger range for distorted
perovskite structures. However, for higher B-site ordered perovskite such as (4’,47,4°”)-
3B’ B, 0y triple-perovskite compound has not been established, yet.



\ (@) (b)
Fig. 1.1.2.-1 Derivation of the B-site ordered (4,8’B”O¢) double-perovskite structure from the single-perovskite
(4BO;) structure,

In the case of A-site ordered perovskites consisting of two different metals, e.g., larger
A’ and smaller 47, it is possible to build up different layered ordered-oxygen-vacancy perovskite
structures deriving from 4’0, A Og and BO, layers by varying the ratio of 4’:4” [12]. With 1:1
and 2:1 ratios, for instances, oxygen-deficient A’A”B,;0s:s double perovskite and
A’2A47 B30345/4°94” B307.5 triple perovskites would form [13] as shown in Fig. 1.1.2.-2. For
example, BayREFe;0s15 [12,14,15-17] and BayRECu3075 [12,18] deriving from the
triple-perovskite structure are the fundamental high-7, superconducting materials with B = Cu
and Fe, respectively. The higher-ordered perovskite structures such as quadruple- and quintuple-
perovskite compounds have been established for the case of Cu for B-cation constituent, only.
These compounds are known as the ultra-high-pressure-synthesized high-7, superconductors, i.e.,
Ba;Ca;CuyOs:5 and BayCazCusOi9+5. One of the features of higher-ordered perovskite structures,
they are heavily-oxygen deficient compounds exhibiting various oxygen-coordination polyhedra
for the B cation even for phases with 6 = 0. For instance, in the quadruple-perovskite structure of
Ba;CayCuyOg (CuBayCayCu30s) with the layer sequence of
Ba0O-Cu-BaO-Cu0,-Ca-Cu0,-Ca-CuO; the CN of Cu is 2, 5 (pyramidal), 4 (square planar) and 5,
respectively [12].

() | (b)

Fig. 1.1.2.-2 Derivation of the A-site ordered double- and triple-perovskite structures.
(a) Single-perovskite (4BO;) structure. (b) Double perovskite (4’4 B;0s45) and (c) triple-perovskite (4,4 ”B;307.5)
structures. -



1.1.3. Non-stoichiometry and Cation Valences in Perovskites

_ Mixed-valence states are possible for transition metal/few heavy metals and it is the
origin of metallic conductivity. For tuning the transition-metal valence, structures allowing for
oxygen non-stoichiometry are advantageous. Thus, cation/oxygen non-stoichiometry derived
from mixed-valence states and/or various coordination states of transition metals is common in
peorvskite structures. Concerning to the oxygen non-stoichiometry, the “oxygen engineering” is
one of the most crucial/interesting research topics in the functional perovskite-related
compounds in strongly-correlated electrons [19,1].

The non-stoichiometry affects the charges over the crystal and influences not only the
structures but also the properties. Na,WO; and Li,WO; are well known as cation
non-stoichiometric compounds. The cation deficiencies can be tolerated over ranges of
composition maintaining the perovskite structure. The phases SrBOsz where B is Ti or V,
SrFeOs [2,20-22], CaFeOs [6,22,23] and SrCoO;x [6,22] systems exhibit the oxygen
deficiency keeping perovskite structures. Various strongly-correlated-electron oxides such as
high-T, superconductive copper oxides and magnetoresistance manganese, cobalt and iron
oxides possess a strong tendency for oxygen non-stoichiometry. Tuning the oxygen content
provides us with a means of controlling the valence state of the transition metal and thereby the
carrier concentration/electromagnetic properties of the active transition metal oxide layers [19,1].
Superconductivity occurs in the oxygen content range 0 < & < 0.55 with the value of 7
increasing in accordance with decreasing oxygen deficiency for the CuBa,RECu,07.5 phase [13].
Also in the case of MR cobalt and iron oxides small changes in the oxygen content have been
shown to sensitively affect the MR characteristics [24,25,I]. However, tuning the oxygen
stoichiometry in the double- and triple-perovskite structures has a different effect. For the
A28’ B g, double perovskite for example, the oxygen non-stoichiometry has not been reported,
or at least, extremely small amount of oxygen deficiency exists in the compound [26]. Thus, the
oxygen non-stoichiometry is not a dominant factor in terms of the physical properties in this
system. On the other hand, varying the oxygen non-stoichiometry in a triple-perovskite structure
such as CuBa;RECu,07.5 is a direct technique to control the oxidation state of transition metal
thus the superconductivity properties can be controlled by changing the oxygen content in the
CuOs layer. For the high-T, superconductors, it has been well established that both 7; value and
the Hi, characteristics strongly depend on the hole concentration and thereby on the oxygen
content [13,1].

In the perovskite compounds, non-stoichiometry and resistivity/magnetic behaviour,
correlate closely. In general, perovskites are found to possess high electrical resistivities but
some of them containing B ions in lower than their most stable oxidation state or compounds
consisting of the B ions in two valence states are considered to be fairly good conductors or
semiconductors. Na,WO; with&0.3 <x £0.5 and low-temperature phase of LiyWO3; with x = 0.4
are highly conducting. Superconductivity has been observed phases in the - systems
(Ba1xS1x)TiO; and (Cay.,Sry)TiO3 when x > 0.9 and y > 0.7 [2,27]. Moreover, the presence of
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oxygen deficiencies such as (Ba,Sr,Ca)TiO;. phases reduce the resistivity of the stoichiometric
phases producing semiconductors [2,28]. Concerning with the magnetic properties, maﬁy of the
perovskites are magnetic compounds derived by the super-exchange interaction which influences
their conduction. The electron transfers are easier if the spin moments are parallel. For instance,
ferromagnetic (La,Sr)CoO; exhibits nearly metallic conductivity [2,23], while antiferromagnetic
(La,Sr)FeOs and (La,Sr)CrO; have a much higher resistivity [2,21]. The energy between spins of
neighboring metal ions in the perovskite structure is often found to be negative so that
antiparallel alignment has the lowest energy. In the A,B’B”’Q¢ magnetic-ordered perovskite
compounds where B’ is WY, Mo" or Re"'and B” is a paramagnetic ion, it was proposed that a
negative interaction between the B’ and B” exists [2,29]. On the other hand, LaB’MnOsg
perovskites where B’ is Mg, Co, Ni or Cu found that the magnetic exchange interactions between
B> and Mn' ions in ferromagnetic compounds appear to be positive [2,30]. In the
double-perovskite compounds, the combination of B’/B” cations determines the magnetic
interaction between B’-B” cations. Furthermore, structural changes often induce changes in
behaviours of magnitude of saturation magnetization [2,31] in magnetic perovskites.

Not only the non-stoichiometry but also mixed-valence states, ie., the versatile
coordination states of transition metals and structural distortions are outstanding features in
perovskite structures. In the superconductors such as NbO;.s [13,32], SrTiOs [13,33],
(Na,K)yWO; [13,34], Li+xTia-xO4 [13,35], BaBij<PbyO3 [13,36], Ba1,KyBiO; [13,37] and the
high-T, copper oxides, all of them are mixed-valence compounds. Since the transition metal at B
site has a prominent role in determining the electrical, magnetic and catalytic [38-40] properties,
the valence value of B cation is an influential parameter of properties in the perovskite materials.
For instance, the important role of the mixed-valence state of copper, i.e., copper atoms normally
show a valence value between II and III in the CuQO, planes, have revealed to be essential for
high-T. superconductivity. Besides, in the magnetoresistive manganites, cobalt and iron oxides
the mixed-valence state of the transition metal with Mn"™V [40-42], Co'my [24,40,42] and
FelVVIY [40,43,44] is believed to be origins of MR behaviour.

The coordination state of the transition metal is also an essential factor for properties
because the valence value of B cation is affected by the coordination numbers/states in the
perovskite structure. Among the transition metals, copper is one of the most flexible elements
owing to its many possible oxidation states and coordination polyhedra. In terms of the
coordination polyhedron, CN = 2 is typical for Cu', while Cu" may be realized when CN = 4, 5
and 6 (octahedral) coordinations. For the cases of CN = 4 and 6, it is possible to be cu'l. cuY
has been stabilized only at CN = 6 [13].

Other important feature of the perovskite compounds is the Jahn-Teller effect induced
by the 3d transition metal. In general, the ideal cubic structure possesses equivalent 3d orbitals,
while it separates as f,, and e, orbitals with inequivalent energies for perovskite structure.
Further structural distortion through the Jahn-Teller effect from a cubic perovskite structure
induces separations of f,; and e, orbitals, i.Ae., 3dxy/3dyz_ /3d, (t2g) and 3dx2_y2/3d22‘(eg). When the
3d transition metal forms octahedral cbordination, two anions existing in out-of-plane of
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octahedron are mostly influenced by the z-oriented orbital, i.e., 3d,%. Since the “electron clouds”
stretches z direction in the case of 3a’z2 orbital, a force of repulsion works between an anion and
the electron existing in 3d,? orbital. Therefore, the bond length of out-of-plane is elongated
compared to that of in-plane, usually. For example, the four in-plane Cu"-O bonds (Cu": either
3a’2223dx2.y21 or 3dzzl3dx2.y22) are typically shorter than the out-of-plane Cu"-O bond (Cu':
3d2223 dxz.yzl) in the high-T, superconductor. :

1.1.4.  Perovskite Compounds as Electro-Functional Materials

Perovskite oxides with 3d transition metals are examples of so-called
“strongly-correlated electron systems” and have been studied extensively, since they present
interesting and frequently unexpected magnetic and transport properties. Representative
examples are the superconducting mixed-valent copper oxides and the mixed-valent manganese
perovskites exhibiting CMR [45,46]. The origin of both materials is antiferromagnetic insulator.
By doping a carrier in the antiferromagnetic insulating mother compounds, it is possible to
obtain high-T copper oxides/CMR manganites. '

Since the 3d band widths are narrow and the 3d electrons in the transition-metal oxides
are extremely sensitive to crystal field, 3d orbitals and electrons/structures interacts each other,
strongly. Thus, it is possible to consider that the interaction between 3d orbitals and
spins/charges generates many quantum-mechanical states, such as superconductivity and
magnetoresistance [47,48]. The superconductivity and MR are representative examples of
conductivity induced by mixed-valence state of transition metals in perovskites. On the other
hand, the most prominent natures in terms of superconductivity and magnetoreisistance are
different. The dominant origins are degree of freedom of spins/charges in the two-dimensional
CuO; planes for superconducting properties but MR properties are derived from degree of
freedom of spins/orbitals/charges [49].

Moreover, perovskite compounds consisting of other 3d transition-metals have also
attracted considerable attention owing to their interesting phenomena and physics. Not only
copper and manganese but also cobalt is well known to exhibit a range of different valence states
[46]. Due to the flexible valence states of cobalt there exists a great variety of cobalt-based
perovskites showing a wide range of magnetic properties, e.g., antiferromagnetism,
ferromagnetism, spin-glass behaviour, or MR behaviour [46]. The combinations of B’ and B”
cations in double perovskites also lead to various properties. For 4,B°ReOg (4 = Ba, Sr, Ca and
B’ = first row transition metal) system with 4 = Ba members revealed that several members of
the series, i.e., compounds with B’ = Mn, Fe and Ni, are ferrimagnetic compounds. However, the
B’ = Fe member is unique because it possesses both metallic and ferromagnetism [29,50-52].

In the single-perovskite iron oxides, e.g., CaFeO; and RE;.,StiFeO;, the charge
disproportionation (CD) phenomenon represented by 2Fe'Y (higher temperature) <> Fe' +
Fe" (lower temperature) occurs [53-57]. In this compound, negative MR was observed in the
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temperature regime where CD/charge ordering (CO) transition takes place [44]. In the case of
La;3813Fe0s., perovskite [40,44], it has been found to show the MR peak appears at the
temperature where Fe'V disproportionates to Fe™' and Fe". This disproportionation leads to CO
and to magnetic transition from paramagnetic to antiferromagnetic state. These interesting
physical phenomena and properties lying in 3d-trantision metal perovskite compounds have
attracted intense attention expecting as new functional materials.

1.2. Isovalent Cation Substitution

Isovalent-cation substitution is a substitution replacing a cation by another cation with
the same oxidation state. By means of this substitution, a change in ionic radius of substituted
cation only affects the structural parameters/physical properties of the compounds. Therefore, the
substitution is regarded as “size-only-dependent”. This substitution technique is often discussed
as “chemical pressure [58,59,ILIILIV]”, to the application of external mechanical pressure. The
chemical pressure effect is associated with an internal pressure mechanism within the crystal. For
instance, if a cation is replaced by smaller isovalent cation, the overall unit cell will be
suppressed and bond lengths between substituted cation-anions will be changed. Some bond
lengths may be shortened but others may be elongated. In the layered superconductive
—A40-CuO;1-(Q-Cu03),-1-40-M,,Ops5- structure for example [IV], when the 4 site is substituted
by a smaller isovalent cation the lattice shrinks such that bond lengths from the 4 and O atoms in
the 40 layer to neighbouring CuO,-plane O and Cu atoms, respectively, become shorter. On the
other hand, O-site substitutions with smaller isovalent cations shorten the bond length from the Q
atom to the CuO,-plane O atom. As compared to the high-pressure synthesized samples, an
essential difference related to the isovalent-substituted samples is that such substitutions do not
necessarily decrease the effective 4/Q-O bond length. That is, the structure is often rigid enough
to somewhat resist against the strive in decreasing the bond length. Therefore, the effective bond
length rather increases.

The changes in cation-anion bond lengths will also induce the variation of
charge/carrier distribution, since the effective cation-anion bond lengths are altered through the
chemical pressure. For the layered M-m“W2@(n-1)n copper oxides increasing/decreasing the
effective 4/Q-O bond length is believed to increase/decrease the charge/carrier concentration in
the CuO, plane, while increasing/decreasing the Cu-O bond length results in an
decrease/increase in the CuO,-plane charge/carrier concentration [60-62,ILIILIV]. The overall
direction and extension of charge transfer depend on the balance of these two effects [IV].

Thus, the isovalent substitutions provide us with interesting possibilities as such
substitutions maintain the overall charge/carrier concentration constant but are likely to influence
the distribution of charge/carriers over the unit cell [60,61,ILIILIV]. If we can control the
distribution of charge/carriers it may be possible to obtain the desirable materials possessing the
desirable properties. Therefore, a tailoring new functional material can be expected through the
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isovalent-cation substitution.

1.2.1.  Chemical Pressure versus Physical Pressure

In the material science, two kinds of “pressures™ have been commonly recognized as
powerful way to bring out unique properties of materials. That is, chemical pressure and physical
pressure. As described in above, the chemical pressure is owing to isovalent substitutions. On the
other hand, the physical pressure induced by an external mechanical pressure is a pure size
perturbation and is free from the randomness of the potential introduced by chemical
substitution.

In accordance with thermal expansion measurements on single crystals of
CuBa; Y CuyOy confirmed [63], the complexity of the d7./dp dependence on the direction of the
lattice axes of CuBa;YCu,Oy has been revealed [64]. They observed anisotropic effects on the
lattice axes through the hydrostatic pressure. According to their calculation, the pressure effects
in the a, b and c-directions were -1.9 K/GPa, +2.2 K/GPa and 0 K/GPa, respectively. Thus, value
of T, is expected to increase/decrease for uniaxial pressure along b/a axes, and to be insensitive
to c-axis uniaxial pressure. By applying either physical or chemical pressure in the
Cu(Bal_xer)zYCu207-5 system, it was demonstrated [58] the diéparities of chemical/physical
pressure as follows: (i) the shrinkage of the lattice parameters resulting from the chemical
pressure is almost isotropic along the three directions, whereas that induced by the physical
pressure is highly anisotropic. (if) most of the structural parameters decreased with x just as they
decrease when the un-substituted compounds is subjected to physical pressure. However, in the
latter case an increase of 7, values is observed. The only structural parameter that shows
opposite behaviour with respect to the application of physical and chemical pressure, is the
thickness of the superconducting block. (iii) in Cu(Ba;.xSry), YCuy07.5 compound, the chemical
pressure induces a displacement & of O4 chain site from the b axis. This displacement which
does not occur under a physical pressure, is mainly due to the size difference of Sr and Ba results
in the depression of T value. ;

In contrast to afore-mentioned different effects between two kinds of pressures, similar
trends were reported [65] as in the case of chemical- and physical-pressure consequence in the
BayFeMoOs 9 sample. Namely, the investigation revealed that the 7¢ value of the sample
increased linearly and the resistivity was depressed with the hydrostatic pressure showing
metal-like behaviour. These results were consistent with a tendency induced by chemical
pressure.



1.2.2. Isovalent Cation Substitution in High-7, Superconductive Layered Copper Oxide
Systems

In the high-7, superconductive copper oxides such as Cu-192@12, researches related
to the isovalent-cation substitution have been widely carried out. One of the most general
examples by means of the isovalent substitutions in this system is replacing Ba by smaller Sr.

In general, the application of physical pressure on high-7,. superconductive layered
copper oxides increases 7, values [58]. It is well known that the substitution of Ba by Sr in
Cu(Ba;.xSrx)2,YCu,07.5 induces a decrease of 7, value and ultimately makes the phase unstable
[58,66-69]. In order to obtain x =1 sample, i.e., CuSr,YCuyO7.5, it is necessary to carry out the
synthesis under high pressure [70]. For the purpose of revealing the structural mechanisms
associated with T, variations induced by either physical or chemical pressure, a series of samples
of the Cu(Ba;«Srx)2YCuy07.5 with 0 < x < 1 possessing various oxygen contents, have been
prepared and characterized [58]. Through out the work, it was found: (7)) 7, values were
connected with the Sr concentration, X. As x increases, 7, decreases monotonically from 92.5 K
for x =0 to 78 K for x = 0.75. (ii) the complete substitution of Ba with Sr (x = 1) would induce
an extrapolated value of the lattice parameters equivalent to the application of a physical
pressure of about 10 GPa. (iii) the shrinkage of the lattice parameters by the chemical pressure is
almost isotropic along the three directions. (iv) with increasing x concentration, most of the
structural  parameters decreased. Besides, the substitution of Ba by Sr in
Cu(Bay.ySty), YbCuy06 9502 sample series (0 <y < 0.4) was studied [71] with respect to the effect
of Sr substitution. The amount of oxygen and the overall hole are precisely controlled to be
constant upon the Sr substitution for all the samples studied. As a result, it was demonstrated that
the thickness of non-superconductive blocking block (BB) might be decreased through the
substitution of the larger Ba by the smaller Sr. Furthermore, NPD analysis revealed that Sr
substitution induces a disarrangement of the conductive CuO chains in BB by shifting part of the
excess oxygen atoms from the b-axis lattice site to the a-axis site. Therefore, the destruction of
CuO chain would induce the decrease in the concentration of mobile holes in the BB, as
supported by the results of TEP measurements. ,

Similar behaviour has been observed for the Hg-based copper oxides. If Sr is
substituted for Ba sites, 7, decreases [58,72] and the synthesis of single-phase samples
necessitates the application of the high pressure [58,73]. The lattice parameters of this compound
decreases with respect to those of fundamental compounds with no substitutions same as that
observed by applying physical pressure [58,74].

In contrast to isovalent substitutions, the effect of physical pressure on 7, value of
Cu-1®92M12 gystem is unique. It was studied [75] the AC-susceptibility of CuBa;YCuy07.5
polycrystals with various oxygen contents under hydrostatic pressure up to 0.8 GPa. The Tt
values for nine samples possessing various oxygen contents as a function of the pressure showed

increasing T, values linearly with pressure.



1.2.3.  Isovalent Cation Substitution in B-site Ordered Double-Perovskite Systems

Historically, the effectiveness of isovalent substitutions in the single Mn-based
perovskite system was first realized then the investigations of B-site ordered double perovskites
employing isovalent substitutions followed. However, in the B-site ordered double-perovskite
compounds, the effects of the aliovalent substitutions at B site were more highlighted compared
to isovalent effects. Thus, in the contrast to the high-T, superconductive layered copper oxide
system, systematic researches through the chemical pressure has not been established yet, in this
system. ‘

It was revealed that the isovalent-cation substitution into 4 site in AMnO3 compound
exerts a chemical pressure on the system. In several single perovskites, the overlap between d
orbitals in B site and oxygen p orbitals forms the electronically active band. Thus, this overlap
can be strongly influenced by the internal pressure generated by isovalent substitutions at 4 site
[76,77]. Based on this notion, a study of physical properties [77] as a function of average ionic
radius of 4 site, i.e., 7(4"), in LaMnOs sample substituted La by 4 (alkaline-earth clements)
found that with decreasing r(4"), Tc decreased and the magnitude of MR near T¢ enhanced
drastically. Besides, the magnetic properties seemed to be influenced by r(4"). It was proposed
that the principal effect of decreasing r(4") is to decrease the Mn-O-Mn bond angle thereby
reducing electron hopping between Mn sites. In this work it was concluded that the most
influential parameter in determining 7c value for a given carrier concentration was r(4").

After a number of searches of chemical pressure at A site in single-perovskite
compounds, the application of isovalent-cation substitution at 4 site in the B-site ordered
double-perovskite compounds has been tried similar way. For example, in the case of
(Ca,Sr,Ba),FeMoOs samples [78], the magnitude of low-field MR at room temperature was
optimized in (Srg2Bag 8)2FeMoQg. On the other hand, (Srg95Cagg5)2FeMoQOg exhibited the largest
MR value at high field such as 1 T. This study also reported that T¢ values as a function of r(4").
In (SriyBay),FeMoOs samples ¢ values showed decreasing monotonically with increasing Ba
concentration. For the (Sri.«Cax),FeMoQg system, there existed a broad increase in T¢ as Ca
concentration increased. Moreover, another research suggested [52] that the electronic structure
of A;FeMoOg/A,FeReO¢ primarily depends on the number of electrons in the ordered
FeMoOg/FeReOg sublattice but the influence of the 4 cation on the structure and properties was
clearly observed. That is, the compounds with 4 = Ca of both series, i.e., CaFeMoOg and
CaFeReOg, have a monoclinic ordered-perovskite structure [52,79,80] whereas the 4 = Ba and
Sr members have cubic/tetragonal structures for both series. For 4,FeReOg oxides, changes in 7¢
values associated with chemical pressure at 4 site were revealed, i.e., the 7¢ value increased in
the order Ca, Sr and Ba [52,81]. Besides, the electrical property of 4,FeReOg indicated that 4 =
Ba and Sr samples were conducting, while the 4 = Ca sample was an insulator [e.g.,81]. Similar
to the A,FeReOg system, studies in 4,FeMoQOg have revealed that the Curie temperature seems to
be controlled by structural parameters [82] which are affected by the chemical pressure at 4 site.
It is because through the change of structural parameters such as the bond lengths and baond
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angles of Fe-O-Mo and Mo-Mo [78,82] by the isovalent substitution, the degree of electron
hopping and further the electronic bandwidth might be influenced.

1.3. =~ Objectives and Significance of the Present Work

From a historical point of view, researches associated with the aliovalent-cation
substitution began first in the 3d functional-perovskite materials then studies related to the
isovalent-cation substitution followed in this system. Furthermore, interests of novel functional
materials and explores of obtaining unstable materials under ambient environment have arisen
recently. Thus the external-mechanical pressure effect was highlighted more. The consequences
of isovalent-cation substitutions are much less understood resulting in numerous research
subjects to be solved so that it is crucial and interesting to establish the effects of isovalent
substitutions.

Isovalent substitution or “size-only-dependent” cation substitution provides us with an
interesting tool to control material properties, i.e., “chemical pressure” effect. In an ideal case,
the overall charge/carrier concentration remains constant, whereas the distribution of
charge/carriers is rather likely to be affected. The purpose of the present research was set so as to
creatively utilize such substitution in tailoring functional oxide systems with strongly-correlated
electrons. For the two target systems high-7; superconductive (HTSC) compounds of
CuBa;RECu,07.5 and tunneling-type magnetoresistance (TMR) compounds of 4,FeMoQg.,, were
chosen.

For HTSCs the magnetic irreversibility-field line [Hi(7)] determines the limit of
high-field application. It was known that the Hj, characteristics of CuBa,YCu,O7.5 of the
Cu-1212:P phase are most superior among the known HTSC materials [13]. However, the
dependence of Hi; on the size of rare earth ion [#(RE™)], that is, the consequences of
isovalent-cation substitution at the RE site, has not been established yet for the CuBa,RECu,01.5
system. | ,

Among a number of B-site ordered double-perovskite compounds, 4,FeMoOg and
A,FeReOg systems are particular interest since they have found to be giant TMR materials
[79,83,84]. Sr,FeMoOg¢ had been known as a ferrimagnet with a high 7¢ value [85,86] until TMR
behaviour [83] having its origin in the halfmetallic ground state was recently revealed. It was
later found that iron in this compound, as seen by >’Fe Mossbauer spectroscopy, possesses a

mixed-valence Fe'/™!

state [87,88]. Therefore, it is worthwhile to investigate the relationship
between the Fe valence state (V) and isovalent substitution at the 4 site.

Through controlling the distribution of charge/carriers the oxidation state of the
rare-earth elements/transition metals will be influenced for both double- and triple-perovskites.
Since the changes in the valence values of the rare-earth elements/transition metals may induce
novel properties, controlling the distribution of charge/carriers and tailoring/designing desirable
functional materials are the final purpose in this work. )
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2. OXYGEN CONTENT AND METAL VALENCE

Mixed-valence states can be often observed for transition metal/few heavy metals in the
perovskite compounds so that the oxygen non-stoichiometry derived from the mixed-valence
states and/or various coordination states of transition metals for tuning the transition-metal
valence is common in the peoerkite-related compounds. Therefore, the precise evaluation of the
oxygen content of compounds and further, the fine tuning of the oxygen content and controlling
the material properties, i.e., “oxygen engineering”, is one of the most crucial research topics
from a standpoint of material science [I]. It is because small differences in the oxygen contents
among samples exert unique material properties, e.g., quite different 7./H, values can be
obtained by varying the oxygen content in the high-7, superoconductive materials.

2.1.  Oxygen Content Analyses

Several techniques of chemical analysis have been employed to establish the oxygen
content in 3d transition metal oxides [1-3] such as volumetric methods utilizing a thermobalance
and thermogravimetric (TG) reduction and so on. Among the different techniques, wet-chemical
redox [4] analysis methods are often found the most accurate [2,5]. The wet-chemical redox
methods are based on the oxidation-reduction reaction between the high-valent metal species that
exist in the sample and a suitable reductant. After the high-valent metal ions are reduced by a
reductant completely, it is possible to calculate the oxygen content by determining either the
amount of reductant remained or the amount of oxidized species formed from reductant.
Iodometric titration [6] utilizing I" as a reductant is the most common method for copper and
cobalt oxides but due to small difference values of the standard reduction potential between the
Fe/Fe" and 11" redox couples [1], this method is not appropriate for iron oxides. In terms of
iron oxides, cerimetric titration using a redox power of divalent iron can be adopted. It is
possible to determine the oxygen content of the iron oxides by estimating the amount of
remained Fe** ions derived from the reaction between high-valent iron ions and divalent iron
with Ce** ions [1,7]. Cobalt oxides also can be analyzed by this method [5], but copper oxides is
I with Fe** ions [1]. Therefore, the most

powerful and the most convenient redox method applicable to Cu, Co and Fe oxides [1] can be

not applicable due to the incomplete reaction of Cu

considered as utilizing the reduction capability of monovalent copper. The oxygen content of
oxide samples are evaluated by determining the remaining amount of the reductant of Cu’ ions
by means of electrochemical oxidation, i.e. coulometric titration [8-10] or constant-potential
electrolysis [11].

Coulometric titration is based on the reduction of high-valent cations existing in a
sample with a known excess of monovalent copper (Cu‘/Cu®" titration) or divalent iron
(Fe¥'/Fe’* titration) in an acidic solution [2]. The un-reacted Cu® or Fe?* is oxidized by applying
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a constant current and the amount of the species titrated is calculated from the time required for
the oxidation according to Faraday’s law. Due to its accuracy and versatility coulometric
Cu*/Cu*" and Fe**/Fe*" titrations were applied in the present study for the determination of the
oxygen contents in the CuBa,RECu,07.5 triple perovskites [ILIII] and the 4,FeMoQs., double
perovskites [V] with 4 elements are Ba, Sr and Ca, i.e., the most fundamental members of
A>FeMoOg system.

In perovskite structures with the same element but locating in different atomic positions,
the oxidation and coordination states at a distinct position are crucial factor. This is particularly
essential with high-T, superconductive copper oxides because the distribution of holes among the
different copper-oxide layers is likely to affect the superconductivitiy properties [12]. However,
chemical methods for oxygen content analysis only give the average oxidation state of the metals.
Therefore, other methods are needed to obtain information in the oxidation states of distinct
metal atoms in the structure, e.g., XANES [13-21] and >’Fe Mdssbauer spectroscopies [22-27].
Since they are of great advantage owing to the possibility to selectively examine the chemical
environment of each distinct element, the combination of the wet-chemical redox analysis
methods and XANES and/or *’Fe Mssbauer techniques would provide us with the most reliable
information in terms of the oxygen content, and further with the influential factors of compounds
derived from chemical environment of cations.

2.1.1.  Cu*/Cu*" Coulometric Titration {i]

In the Cu*/Cu®* redox analysis the highly oxidized transition metal species in a sample

are first reduced with an excess of Cu' ions. For Cu' in CuBa,RECu,04.5 the reduction occurs

according to reaction:
c + cut o 2. (2.1.1.-1)

Then the amount of non-reacted Cu' ions is determined with coulometric titration (anodic
oxidation) as follows:

it - ' + e (2.1.1.-2)
The excess amount of Cu’, n(Cuj,), is calculated from the titration time, ¢, according to
Faraday’s law:

n(Cug) = % - (2.1.1.-3)
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where  is constant dc current applied and F is Faraday’s constant. As the source of Cu' ions
CuCl was utilized in the present study. The actual amount of monovalent copper in the CuCl
powder used was checked by coulometric titration, and the result was taken into account through
a correction parameter, f, calculated as

_ Ixtx M(CuCl)

s Fxm(CuCl) ’

(2.1.1.-4)

where m(CuCl) is the mass of CuCl used for the experiment and M(CuCl) is the molecular
weight of CuCl. The amount of highly oxidized transition metal species in the sample is

1T

calculated from the titration result, ie., n(Cu"), for the present CuBa,RECu;07.5 reference

sample is:

S xm(CuCl)

) = cull)

n(Cuy,). (2.1.1.-5)
Therefore, the oxygen non-stoichiometry in the case of CuBa,RECu,07.5 is then obtained as

_ m(CuBa,RECu,0,_;)—n(Cu™)x M(CuBa,RECu,0,)
2m(CuBa,RECu,0,_;)-n(Cu)x M(0)

)
(2.1.1.-6)

where m(CuBa,RECu;07.5) is the mass of the analyzed sample and M(CuBa;RECu;07) and
M(O) are the molecular weight of CuBa;RECu;0; and the atomic weight of oxygen,
respectively.

The present coulometric titration experiments were performed in 1 M HCI cell solution
(ca. 200 ml) and the potential of the solution was measured with an Ag/AgCl reference electrode
(Horiba: pH meter F-22) as a function of the anodic oxidation time. Platinum plates were used
for both cathode and anode, and the cathode was separated from the cell solution with a salt
bridge. To prevent oxidation of Cu" ions by oxygen during the titration analysis, the cell solution
was freed from dissolved oxygen by Ar-gas bubbling before adding reagents and titration was
carried out in an air-tight cell under an Ar-gas flow. Furthermore, for every sample analysis, a
pre-titration was performed by dissolving 2 ~ 3 mg of CuCl in the cell solution and applied
current using a constant-current source (Advantest: R6144) until the potential against the
Ag/AgCl electrode reached 930 mV. The purpose of pre-titration was to standardize the initial
redox-power of the cell. Actual analysis of the sample was carried out immediately after a
pre-titration in the same cell. The titration time was detected at the titration end-point at 930 mV.
The proper end-point is found within the range of the fastest change in the cell potential. The
presently applied conventional coulometric analysis method (with the end-point detection at 930
'mV) agreed with a number of previous studies on various 3d transition metal oxide systems
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determined for the same materials by means of iodometric titration, cerimetric titration and/or
thermogravimetric reduction [e.g.,5].

_ The amount of sample used for a single experiment of a conventional wet-chemical
redox analysis is typically 50 ~ 100 mg [1,2]. Furthermore, several parallel experiments are
required to guarantee the reliability of the obtained result. As some important synthesis
techniques of functional oxides, e.g. ultra-high pressure synthesis and single-crystal growth,
yield samples with a mass that is insufficient for a conventional oxygen content analysis, a
reliable technique enabling us to analyze samples of smaller amounts is indispensable for further
development of functional oxide materials. In this section, the development of a Cu'/Cu®*
coulometric titration technique, i.e., henceforth called “micro-titration” that can be applied to
sample amounts considerably smaller than those required for conventional wet-chemical redox
analysis techniques, is described [I].

A high-quality fully-oxygenated CuBa,YCu;075 sample was used as a reference
material to reveal the reliability of Cu*/Cu®* coulometric titration through the comparison of both
conventional- and micro-titration techniques. To make the Cu'/Cu** coulometric titration
analysis as efficient as possible in terms of the time required for a single experiment, the
accuracy of the method was first investigated against the titration time. For these experiments the
current applied was fixed at 5 mA, i.e. the value that has typically been employed for analyses of

superconductive oxides [2,8-10]. If the titration time becomes too short, i.e. n(Cuj,) is too

small (Eq. 2.1.1.-3), possible error in determining the end-point becomes dominant for the

accuracy of the analysis. From several repeated experiments with varying n(Cuj) it was

concluded that a titration time of ¢ > 8 min is needed for accurate analysis. For the further
experiments, the titration time was fixed in the range of 9 ~ 12 min to reduce the time required
for one experiment as much as possible but at the same time to guarantee high enough accuracy
for the analysis.

With another set of experiments, an optimum range for the ratio n(Cu?,)/ n(Cu'™) was

searched for. As a result, it was revealed that both the accuracy and the reproducibility of the

analysis are highest at n(Cuj,)/ n(Cu™) = 1/2 ~ 3/2. For further experiments, ratio, n(Cuj,)/

n(Cu™) ~ 1/2, was selected. This means that for the present fully-oxygenated CuBa,YCu07.5
reference material m(CuCl)/m(CuBa;YCu;07.5) ratio must be around 1/5. In the final
experiments, not only the micro-titrations but also the conventional titrations performed for
comparison were carried out at the mass ratio of 1/5 for the CuCl powder and the sample. For the
conventional titration performed at / = 5 mA, about 10 mg of CuCl and 50 mg of the
CuBa, YCu, 075 reference sample were used for a single experiment to satisfy the two criteria

discussed above, i.e. (i) t =9 ~ 12 min, and (i) n(Cuy)/ n(Cu™) ~ 172 (Egs. 2.1.1.-3 and
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2.1.1.-5).

In order to apply the Cu'/Cu®" coulometric titration method to the analysis of small
amounts of sample, the current applied for the titration needs to be decreased. If we like to apply
the method to a CuBa, Y Cuy07.5 sample of ca. 10 mg, application of a current of 1 mA satisfies
the afore-given criteria (i) and (if). The amount of CuCl used for such micro-titration was
accordingly set at ca. 2 mg. In Table 2.1.1.-1, the results of five parallel micro-titrations for the
CuBa;YCuy07.5 reference sample are summarized. Based on the micro-titration analysis, the
oxygen content 7-8 is determined at 6.937 with a standard deviation of + 0.007. An excellent
agreement is seen between this result and the one, i.e. 6.941 + 0.009, calculated for the same
CuBa, YCuyO7.5 reference material from five parallel experiments of conventional cut/cu®t
coulometric titration using samples of ~50 mg (Table 2.1.1.-1). Further reduction in the amount of
sample used is in principle possible by decreasing the current accordingly. However, for samples
with a mass considerably less than ca. 2 mg the weighing error becomes a dominant factor for
the accuracy of the analysis. The same applies when amounts smaller than ca. 2 mg of CuCl
need to be weighed.

Table 2.1.1.-1 Oxygen-content values and corresponding coulometric Cu'/Cu®" titration data obtained for the

CuBa, Y Cu,05.5 reference sample from five parallel experiments of conventional Cu*/Cu?" coulometric titration and
from five parallel micro-titration experiments [I].

Conventional titration Exp. 1 Exp.2 |Exp.3 Exp. 4 Exp. §
f 0.97726 | 0.97227 | 097414 | 0.97414 | 0.98673
m (CuCl) [mg] 14.5 16.82 10.49 10.48 9.47
m (CuBa, YCuyO7.5) [mg] | 42.67 54.59 49.8 49.44 50.23
t [s] 1686 1772 679 748 548
n(Cuj,) [mmol] 0.087369 | 0.091826 | 0.035186 | 0.038762 | 0.028398
n(Cu") [mmol] 0.055766 | 0.073364 | 0.068034 | 0.06436 | 0.065991
5 0.06535 | 0.05292 | 0.04544 | 0.06708 | 0.06305
Oxygen content (7-8) 6.935 6.947 6.955 6.933 6.937
Aver, (7-6) and Std. 6.941 + 0.0093
“Final titration result” 6.94 + 0.01
Micro-titration Exp. 1 Exp.2 |[Exp.3 Exp. 4 Exp. §
f 0.96342 | 0.96342 0.9709 0.9709 0.9709
m (CuCl) [mg] 2.14 2.41 2.07 2.01 2.11
m (CuBa, YCwO7.5) [mg] 10.62 10.56 10.11 10.18 9.88
t [s] 672 904 710 606 728
n(Cuy,) [mmol] 0.006965 | 0.009369 | 0.007359 | 0.006281 | 0.007545
n(Cum) [mmol] 0.013861 | 0.014084 | 0.012942 | 0.013432 | 0.013148
d 0.06594 | 0.05634 | 0.07435 | 0.06115 | 0.05733
Oxygen content (7-0) 6.934 6.944 6.926 6.939 6.943
Aver. (7-0) and Std. 6.937 £ 0.0074
“Final titration result” 6.94 + 0.01
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In Figs. 2.1.1.-1(a) and (b), typical titration curves are shown for the CuBa,YCu;07.5
reference sample obtained with the conventional titration and our micro-titration, respectively. At
point A, about 3 mg of CuCl is dissolved in the cell solution for the pre-titration. After the
potential of the cell solution is stabilized, constant d¢ current of 5 mA is applied [Eq. (2.1.1.-2)]
starting from point B. Point C is the end-point of the pre-titration. At point C the cell potential is
930 mV, i.e. the purpose of the pre-titration to standardize the initial redox power of the cell
solution is fulfilled. At point D an excess amount of CuCl is added. As a consequence the cell
potential decreases drastically. After CuCl is dissolved completely, i.e. the cell potential is
stabilized, the sample is dissolved in the cell solution at point E. From point E to F, Cu™
sample is reduced spontaneously to Cu* by Cu* [Eq. (2.1.1.-1)] and accordingly the cell potential
increases. From point F the constant dc current (5 mA for conventional titration and 1 mA for

from the

micro-titration) is applied in order to oxidize the remained Cu" ions to Cu®* [Eq. (2.1.1.-2)]. All
Cu" ions are oxidized to Cu®* and the titration is finished at point G. It is clearly seen from Figs.
2.1.1.-1(a) and (b), that the two titration experiments, ie. conventional titration and
micro-titration, occur in a perfectly parallel way. In both experiments, each step is clearly

distinguishable and sharp. This feature is an essential requirement for a successful analysis.
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Fig. 2.1.1.-1 Typical coulometric titration curves, ie. cell potential versus time, obtained for (a) conventional
titration (Exp. 5 in Table 2.1.1.-1), and (b) micro-titration (Exp. 1 in Table 2.1.1.-1). In both figures, pre-titration
corresponds to points A to C and actual sample titration starts from point D. More detailed explanations for points
A-G are given in the text. Note that, for conventional titration/micro-titration, the amount of CuCl added was about
10 mg/2 mg, the amount of sample was about 50 mg/10 mg, and the applied constant dc current was 5 mA/1 mA [1].
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In conclusion, it was demonstrated that an improved coulometric titration method
works to precisely analyze oxygen contents of decreased amounts of various mixed-valent
oxides containing, e.g., copper, cobalt or iron. By means of micro-titration method the oxygen
content can be determined for employed CuBa,YCu,07.5 reference with high reproducibility, i.e.
| A8 | < 0.01, for samples with a mass of only ~10 mg.

2.1.2.  Fe*'/Fe** Coulometric Titration

Cerimetric titration is commonly applied for the determination of the oxygen content in
iron oxides where an excess of the reducing agent Fe*" is added to the sample solution and the
remaining Fe?* is titrated with Ce™. However, in the case of double-perovskite compounds
consisting of Fe and Mo as B’/B” cations, the behaviour of Mo ion in the cerium dissolved
solution is not obvious. Thus, Fe?*/Fe** coulometric titration was applied in the present study for
the determination of the oxygen contents in the 4,FeMoQOg., double perovskites in stead of
applying cerimetric titration.

In the Fe**/Fe** coulometric titration for the AFeMo0Osg., samples, not only Fe' in each
sample but also Mo" species is determined by coulometric titration through the oxidation

reaction. The reactions are as follows:

Fe!' > F + & . (2.1.2.-1)
Mo¥ — Mo* + ¢ . (2.1.2.-2)

Then the total quantity of Fe'' and/or Mo" in the sample titrated, i.e., n(FeII tit) and/or n(MoV tit)s
was calculated based on Faraday’ s law:

I’Z(Fentit) = ﬁ
F (2.1.2.-3)
n(Mo ") = Ixt
F (2.1.2.-4)
The oxygen deficiency in the 4,FeMoQg.,, is then obtained as
e n(Fe" i) x M(A4,FeMoO,) —m(4,FeMoO;_,)
2m(A4,FeMoO,_,)+n(Fe"w)x M (0O) (2.12-5)

where m(4,FeMo0s.y,) is the mass of the analyzed sample, and M(4,FeMoOg) and M(O) are the

molecular weight of 4,FeMoQg and the atomic weight of oxygen, respectively. Note that the

amounts of titrated Fe"' and Mo" are equivalent, i.e., n(FeII tit) equals to n(MoV iit), here. Moreover,
20



the excess reductant was not required to be added in the present titration because the amount of
Fe" and/or Mo is expected to satisfy in order to determine the oxygen content for the present
samples. Namely, the iron/molybdenum valences are expected to be II/VI or at least they are in
between II/VI and III/V in the case of 4,FeMoOg system. Therefore, all the amount of Fe' and/or
Mo in each sample is determined by coulometric titration through the oxidation reaction.

The present titrations were performed in 200 ml of 3 M HCI cell solution and all the
experimental conditions and procedures were carried out in the same manner as Cu'/Cu®"
coulometric titration. For the titration, about 25 mg of the 4,FeMo00Qs.,, samples were used for a
single experiment. For every sample analysis, a pre-titration was performed by dissolving 2 ~ 3
mg of FeCl,-4H,0 as Fe*™ source and applied current in order to standardize the initial
redox-power of the cell. The current was applied until the potential reached 820 mV. Actual
analysis of the sample was carried out immediately after a pre-titration in the same cell. The
proper end-point was found at 820 mV and the applied current was fixed at 3 mA.

Fig. 2.1.2.-1 shows a typical Fe**/Fe’* coulometric titration curve obtained by the
present experiment. Comparing Cu'/Cu®** and Fe*'/Fe’* curvatures it is obvious that each
titration step is distinguishable but dull for Fe?*/Fe®" titration. This tendency is quite reasonable
and is resulted in smaller difference in the standard-reduction potential values between the

Fe'/Fe'" couples than Cu'/Cu" couples.
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Fig. 2.1.2-1 Experimentally obtained Fe*”** coulometric titration curve. Pre-titration corresponds to points A to C
and actual sample titration starts from point D. At point D, the sample is dissolved thus the cell potential decreases.
After the sample is dissolved comgletely and cell potential is stabilized (point E), the constant dc current is applied
for oxidization of Fe' to Fe**/Mo" to Mo®" [Egs. (2.1.2-1) and (2.1.2.-2)]. The titration is finished at point F. The
titration curve is distinguishable but dull due to a small difference in the standard-reduction potential values between
the Fe'/Fe™ couples.

Since iron and molybdenum take mixed-valence states in 4,FeMoOg, an estimation of
the absolute valence value for each species is impossible from the overall-oxygen content
determined by Fe?*/Fe** coulometric titration. If the valence of iron increases the molybdenum

valence decreases and vice versa.
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2.2.  Individual Metal Valence Analyses

Since perovskite structures often take oxygen non-stoichiometry for tuning the
transition-metal valence, the oxygen non-stoichiometry and metal valence of perovskite-related
compounds are correlated strongly. So far, it is known that the aliovalnet-/isovalnt-cation
substitution and temperature efc. control the metal valence in these compounds. Furthermore, the
transition metal often exhibits in distinct atomic sites resulting in different oxidation states and
coordination numbers in the perovskite compounds. For example, the superconductive
CuBa;RECu,07.5 possesses two different Cu sites, i.e., Cu(l) in the charge-reservoir block and
Cu(2) in the superconductive block representing different valence of Cu, respectively. In the
B-site ordered double-pervskite 4,FeMoQg, two transition metals of Fe and Mo take mixed
valency. Thereby the determination of the overall-oxygen content is indispensable for the
perovskite-related compounds but it is not sufficient. It is because the overall-oxygen content can
evaluate the overall-metal valence only, whereas it can not determine each individual valence of
metal at different sites/individual valence of metals with different species. Also, the oxidation
state and coordination number of the transition metal are crucial role for the electromagnetic
properties of the perovskite-related oxides. Thus, not only the oxygen content analysis but also

the precise evaluation of individual-metal valence and its controlling are important.

2.2.1. Bond-Valence-Sum (BVS) Calculation

The BVS rule gives the correlation between the bond length and the bond valence. The
concept of BVS provides us with a quantitative means by converting the detailed structure into a
valence value for each structurally distinct atom. The bond valence, s, of the bond between
atom/ion i and j is calculated based on a parameter Ro,j proposed by Brown [28]. The values of
Roij were empirically determined specific for each different type of i-j pairs. Calculating from the
experimentally obtained bond length dj (in A) and RO,-j values, the bond valence is then obtained
as

o -enn] S )|

0.37 ) (2.2.1-1)

Summing over the bond valences for all the nearest-neighbouring counter atoms/ions j gives the

bond-valence sum around species i, described:

V= izsy
T (22.1.-2)
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The calculated bond-valence sum V; represents the oxidation state of ion i. The BVS method
allows for an estimation of the oxidation state of an ion affected by the structural environment,
i.e., the coordination state and the nearest-neighbouring atoms. BVS results can also be used for
indicating tensile or compressive strain directed to an atom in a structure. Structural strains are
indicative of the tendency of a structure to bind more oxygen or to release an oxygen atom since
the strain can be influenced by changes of bond length [29].

_ The combination of precise structural data obtained from neutron diffraction
measurements with the BVS method has been found to be the most powerful tool in order to
establish the valence values for copper atoms at the CuQO,_s site and the CuO, plane site in the
CuBa;RECu,07.5 system [29-32]. Note that, considering not only the copper valence but also the
valence of the oxygen atom in the CuO; plane, i.e. employing the following Ppys parameter,

Pgys = Veu+ Voa + Vop +2 (2.2.1.-3)

is important. The Pgys values are obtained by summing the holes on copper and on oxygen in
one CuO, unit. O, and Oy indicate the oxygen atoms along the a and b axes, respectively. By
employing this Ppys parameter, a reasonable explanation for the T, versus & relation for the
CuBa,RECu;07.5 system has been accomplished [32-34]. The Pgys parameter must reflect the
actual local hole concentration, p(Cu0y), better than the value of V¢, alone [33,34]. It is because
the appearance of superconductivity is often associated with high-valent copper in the
superconductive CuO; planes but the holes may also exits in oxygen or be distributed in between
the copper-oxygen bond.

Although the BVS method has been studied and a lot of data based on this method have
been collected, the BVS calculation may sometimes reveal somewhat shifted valence value in
the absolute scale, but it is possible to consider that the calculation gives relatively comparable
values within a certain system. Moreover, by detecting changes rather than absolute values of
Pgpys with increasing dopant concentration, the more reliable estimation for the local hole
concentration is believed to be obtained [32,33]. The BVS calculation for the present
CuBayRECu;07.5 samples were not studied and discussed in this study since the precise
structural data, i.e. neutron diffraction data is in progress. However, a reliable structural data
obtained form neutron diffraction experiments by other group was utilized for a discussion in
terms of valence value of RE and thereby hole concentration in the CuO, plane(s) through the
BVS method for the CuBa;RECu07.5 system, in the present study. In the fully-oxygenated
CuBayRECu;07.5 system studied in the present work, there are two CuO, planes and they form
pyramidal structure. Therefore, the Ppys value was evaluated by developing the Eq.(2.2.1.-3) as
[12]

Prvs = Veway + Vo) + Vo) T2
= Veury +2 Vo + 2. (22.1-4)
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Furthermore, in order to estimate bond valences in the B-site ordered
double-perovskites, the BVS method was applied in the present study. So far, over 300 B-site
ordered double-perovskite compounds represented in 4,8°B” O were found and it was revealed
that its physical properties are surprisingly various. This system exhibits
magnetism/non-magnetism, conducting/non-conducting and shows various values of magnetic
transition temperatures but successful theoretical explanations of origins for these various
properties have not been provided. Thus, in order to reveal derivations of these properties, we
tried to approach the problems from the structural point of view. For instance, correlations
between bond valence of B’/B” ions, other structural parameters and transition temperature
value/the magnetism of B-site ordered double-perovskite compounds were investigated by means
of statistical based multivariate data analysis. Since it was required a numerous number of
reliable structural data, precise structural data in literatures obtained by neutron diffraction by
many groups, were used for this analysis. For the estimation of these bond-valence values of
B’/B” constituents, BVS derived Egs. (2.2.1.-1) and (2.2.1.-2) were applied in the present study.

2.2.2. *'Fe Massbauer Spectroscopy

The *’Fe Mossbauer spectroscopy measurement enables to study the chemical
environment of a distinct element with high resolution, being thus one of the most reliable
measurement ways to reveal the valence state of Fe. Mdssbauer spectroscopy is based on
emission and absorption between the ground state and the excited state of an atom with recoilless
v radiation by a Mdssbauer active nucleus [35,36]. In general, STFe is the most widely utilized as
Mossbauer active nucleus [35,36]. Mdossbauer effect provides information on the local
environment of the Mdssbauer active nucleus in the structure since the energy levels of a nucleus
depend on the surrounding lattice. The changes in the interaction between the nucleus and its
environment are detected as small changes in the energies absorbed by the nucleus. The main
interactions are (/) chemical interaction (i) electric quadrupole interaction and (7ii) magnetic
hyperfine interaction. As a consequence of a change in the binding or oxidation state of the
nucleus, the chemical interaction is changed and the peak positions are shifted in the spectrum.
This parameter is known as an isomer shift. Isomer shift is the best parameter to judge the
valence of the atom concerned. Atomic nucleus which has nuclear spin / (/ = 1) shows a
quadrupole moment. The energy level of the quadrupole is split by the interaction with an
electric field gradient at the nucleus. This observed quadrupole splitting value is affected by the
electric field gradient at the nucleus. Thus the quadrupole interaction is related to the symmetry
of the nucleus and therefore is indicative of the coordination states of the nucleus. Interaction
between the magnetic moment of the nucleus and the external magnetic field effective at the
nucleus is seen as splitting of the energy states which thus provides information on magnetic
ordering of the material [35,36]. Among the elements having a Mdssbauer active nucleus, *'Fe
and "*'Eu are the most widely utilized in Studying perovskite oxides [35,36].
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In the present work, the valence state of iron was investigated by >’Fe Mdassbauer
spectroscopy measurement for all the B-site ordered double-perovskite samples [V]. Mossbauer
spectra measured at 77 K were analyzed using four spectral components for the present
A>FeMoOg., system. A typical fitted spectrum for A,FeMoQs.,, is shown in Fig. 2.2.2.-1.
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Fig. 2.2.2.-1 Typical fitted 77-K *’Fe Mossbauer spectrum for an 4,FeMoOs.,, sample. The spectral components
used in the fit are displayed above the data points, Starting from the topmost they are: M2, AS, AP, and M1 [V].

2.2.3. X-ray Absorption Near-Edge Structure (XANES) Spectroscopy

The energy region just below an absorption edge in the X-ray absorption spectrum
contains information about the excitations of the inner-core electrons to the empty states in outer
orbitals. Thus, it is possible to obtain the extract information on the local electronic structure of
individual atoms in the structure by using this pre-edge absorption region in the XANES study.
Experimentally XANES technique is commonly applied in order to reveal the oxidation state of
cations so that carrier concentration is also detectible. Fe K- and L,3-edge XANES methods
provide the information of oxidation state of Fe thus these techniques were utilized to reveal the
valence state of Fe of the present series 6f samples of the 4,FeMo0OQg., system. A typical Fe L3
edge XANES spectrum for the 4,FeMoOs.,, sample is shown in Fig. 2.2.3.-1.
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Fig. 2.2.3.-1 Typical Fe L, edge XANES spectrum for 4,FeMoOg.,, in the energy range of 704-714 eV [VI]. Two
outstanding peaks can be seen at ~707 eV and at ~709 eV. Both peaks represent orbital states, i.e., Fe f,; and Fe e,
orbitals, respectively. Even though it is impossible to determine the absolute “number” of oxidation state for a
specific atom by this technique, it is deducible that the relative correlation of valence of atom by comparing area and
intensity of peaks for a series of samples. In the case of 4,FeMoQs., sample, when the contribution of Fe' is
stronger than that of Fe! in a sample, the intensity and area of peak at ~709 eV are intensified, while those of peak

at ~707 eV are weakened and vice versa [VI].
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3. ENHANCEMENT IN THE H;,, CHARACTERISTICS

OF CllBﬂzRECll207_5

3.1. Introduction
3.1.1.  Superconductive Materials

In 1986, the first superconductive copper oxide was discovered and this induced new
aspects to the field of superconductive matcrials. Soon after the discovery of (La;xBay),CuOy4
or so-called (La,Ba)-214, [1,2] the same compounds partially substituted La by Sr/Ca were
discovered [3] with 7, values of 30 K, 40 K and 20 K, respectively. Even though these
discoveries were scientifically very important they were not yet considered for industrial
applications because of their low values of 7¢. Soon CuBa,YCu,0, (Cu-1212) or so-called Y-123
[4] with T, above the liquid nitrogen boiling point, i.e. 77 K was discovered. This discovery
provided us with a breakthrough in the field of superconductivity.

Looking back the history of superconductive copper oxides it may be possible to
classify into three periods. During the first period, increasing the value of 7, was the main aim
for superconductive material research. In order to improve values of 7, not only Cu-based
materials but also non-copper oxides were studied. It was found that for superconductivity to
occur change carrier doping in the superconductive materials was essential. During the second
period, the Bi- and Tl-based homologous series of Bi,Sr;Ca,.iCu,Oy (n = 1, 2, ..... ) and
Tl,,Ba;Ca,.iCu,Oy (m =1, n =1, 2, ..... ) were established [5-8] and it was somehow established
that the layered structure containing CuO, plane(s) was essential to induce high-T7,
superconductivity. Also it was reported that when the number of CuO; planes, », equals to 3 or 4,
the highest 7, among the members of the same superconductive series would be obtained.
Moreover, single crystals of Cu-1212 and Bi-2212 by the technique of flux method and
(La,Sr)-214 single crystals by the floating zone method were successfully synthesized. These
discoveries enabled the studies of anisotropy of superconductivity properties, resulting in finding
that superconductive copper oxides have a large electrical-magnetic anisotropy because of their
layered structure. During the second period, the solid-state reaction under normal pressure was
the most common synthesis technique. ‘

During the third period that is still going on, the high-pressure synthesis method and
thin film synthesis techniques have been established. The advantage of the high pressure
synthesis technique is to be able to stabilize high-density but unstable phases. Moreover, through
the atomic-layer-controlled thin film deposition methods, there are possibilities fo obtain
superconductwe structures that are un-stable from the stand point of thermodynamics.

As a conclusion so-far, it has been revealed that superconductors which have
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possibilities to be applied in industry are only Cu-based materials, i.e. CuBa,RECu;07.5 or
Cu-1212:P system, and Bi-based homologous series. This is because among the high-T,
superconductive materials with 7 above liquid N, boiling point, these are the few systems that
can be synthesized under normal pressure.

3.1.2. Homologous Series

All the superconductive copper oxide materials possess a layered structure including
CuO; plane(s) except the superconductor with a ladder structure, i.e. (Sr,Ca);4Cuy404; [9]. In the
case of the copper oxide superconductors, the superconductivity electrons are collected on the
CuO;, plane(s) and the electrons is much less along the ¢ axis direction than the ab plane
direction. Therefore, the CuO; plane(s) is called “superconductive block™ and the other layers are
called “blocking block” [10]. More than several hundred kinds of copper oxide superconductors
have been discovered, all the compounds consisting of the superconductive block and the
blocking block except the superconductor with the ladder structure.

There are three types of superconductive block of CuO, planes. Fig. 3.1.2.-1 shows the
change of the local structure as a function of the number of CuO, plane(s), ». In the case of n =1,
O or F or Cl ion is located above and below the CuO; plane, resulting in a CuOg octahedron.
This structure, i.e. CuO, plane and the upper and lower plane to CuO, plane (4O layer) is the
same as that of the perovskite structure. In the case of n = 2, the two sheets of CuO; planes form
the CuOs pyramidal structure and their bases confront each other. Therefore, one sheet which
consists of metal layer (Q layer) exists between these two CuOs pyramids. For » = 3 case, one
CuO; plane is inserted in the structure of that of the n = 2 case. Thus two Q layers exit in this
structure. Moreover, two types of CuO, planes consist of this structure, i.e. two of pyramidal
CuOs structures and one CuO, plane. When 7 increases more than four, there are (n-2) sheets of

CuO; planes and (n-1) sheets of Q layers between the two of CuOs pyramidal structures.

n=1 n=2 . n=3

Fig. 3.1.2.-1 Local structures of the superconductive block with n= 1 ~ 3.

The structure of the blockihg block is more complicated than that of the
29



superconductive block. In Fig. 3.1.2.-2, the typical structures of the blocking block are shown.
The intermediate layer of the blocking block (MO layer) between the AO layer determines the
structure type of the blocking block. The thickness of the blocking block affects the anisotropy of
electrical-magnetic properties of the superconductor, while the local structure of the CuO, plane
which affects the 7, value of the compound is closely related to the blocking block structure.
Therefore, the constituent M controls the properties of superconducting materials.

5}

ez

7

2 :’)(

Rock-salt type One MO layer type Two MO layers type Oxygen-deficient perovskite type

Fig. 3.1.2.-2 Typical structures of charge-reservoir block.

Based on these types of structures, it is convenient to categorize accordingly the
structure types. This categorization is called “Homologous series” of superconductors.
Depending on the involvement of various structural elements the existing superconductive
copper-oxide phases are categorized into two main categories [11]: category-A (Fig. 3.1.2.-3(a))
contains the structures built up with oxygen-deficient-perovskite and rock-salt layers only, while
the structures of category-B (Fig. 3.1.2.-3(b)) contain fluorite layers as well. In both categories,
the phases as best described as members of various homologous series [12-14].

e

A O A4
) € B
Cu e Cu
0 ° 0

(b)

Fig. 3.1.2.-3 Schematic representations of multi-layered copper-oxide structures. (a) M420,1CU,Omizizms OF
category-A. Category-A consists of a perovskite-type block ((,.1Cu,05,), two rock-salt-type layers (40) and a
charge-reservoir block (M, 0ums). (0) Mud2BCuy0,41005 of category-B. Category-B is composed of two
perovskite-type blocks (CuQ,), two rock-salt type layers (40), a fluorite-type block (B(O.B)s;) and a
charge-reservoir block (M,,0,,15) [15]
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In the structures of superconductive copper oxides, an ordered-oxygen-vacancy
perovskite block @,.1Cu, 0y, is connected to an AO layer and in most cases further to a
non-stoichiometric M,,O,+s charge-reservoir block to form multi-layered structures with a
(MOy16)m=AO-CuOr~(0—Cu0;),-1—A40, along the ¢ axis. As schematically shown in Fig. 3.1.2.-4,
the structures of the category-A phases contain alternating A,,0,+5 charge-reservoir blocks with
mMO, 5 oxide layers (M = e.g. Cu, Bi, Pb, Tl, Hg, Al, Ga, C, B) and superconductive
0,.1Cu, 05, blocks with » CuO, phases and n-1 Q metal layers. The M,Oms and Q,.1Cu,0s,
blocks are separated from each others by a single 4O layer that the stoichiometry of the phase is
given by M;u4,01C0,Opiriamss. Each My,A,0p1CuOpp2ms phase is denoted in an unambiguous
way by M-mP¥ D (n-1)n[X]:RS/P, where RS/P stands for the crystallographic structure of the
charge-reservoir block, either rock-salt type or perovskite type. The possible halogen-substituent
X is induced by [X]. However, the well-established shorter scheme, i.e. M-mr(n-1)n, to refer to
the Mu4,0,1Cu0,Opirionss phases, is commonly used as a expression of chemical formulae in
category-A [15].

Fig. 3.1.2.-4 Structure types of the charge-reservoir block, MOy Perovskite and rock-salt types. The oxygen
atoms in the charge-reservoir block are removable [15].

In Table 3.1.2.-1, the multi-layered copper-oxide structures of category-A, ie.
M-mr(n-1)n copper-oxide structures together with some representative compounds are arranged
in order of increasing m (0~3), r (1~2) and »n (1~4). Note that, as far as the structures known to

exist at the moment are concerned the table could be continued up to n =8 [15].
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Table 3.1.2.-1 Multi-layered copper-oxide structures of category-A, i.e., My,4,0,1C0,0 205 OF M-mr(n-1n,
together with representative compounds [15].

Ol(a—n 02(n— L M-12(n~Dn M-22(n—1)n M-32(n—1)n

0101 0201 M-1201 M-2201 M-3201

LaCuQ, (La,Sr.Ba).CuQy  HgBa:CuOyu RS Bi>Sr-CuQ,:RS (Po2aCuyz)s(SrLa)CuOq: P
SraCu()y THBa.Y)HCuOs: RS ThBa:CuOg RS
SQCUOEFZ

0112 0212 M-1212 M-2212 M-3212

(Ba.La)Y(Cu.Fe)0s  LaaSrCuy0y HegBaCaCuOgRS  BixSrCaCuyOgtRS (PhysaCuya)aSraY.Ca)CuxOg: P
szCﬂCUZ()(w TlBﬂ:CﬂCU:()fRS T]zBﬂzCﬂCu‘z()B:RS
Ba:CﬂCUZ()ﬁ CUBHQYCUI()'r: P
Srz(:ﬂCuZo_;l"‘:
0223 M-1223 M-2223 M-3223

Sr2CasCu304 HgBayCaxCuaOpRS  BizSrCaxCuz0igRS  (CuC,Ba)aBayCaxCuz0y:P
BHICRICU_;O;; 'TIBaICa,_»Cu_qu:RS TlgBﬂzCﬂgCﬂ;OmZRS
SrCaxCua06F,  CuBaxCarCuzOgP

0234 M-1234 M-2234 M-3234
SraCa;Cu 049 HeBu,CayCu 015 RS ThBaxCazCuy0,2:RS  (Cu,C. By BasCazCuy Oy P
Bﬂp_ci!}cll,;(')]() TlBaﬁfa;CmO. 1 ‘RS

CuBa>CaiCusOg:P

Soon after the discovery of the first high-7, copper-oxide, (La,Ba),CuO4 (0201 or
so-called “7”) phase, another superconductive phase with a “214” stoichiometry was discovered
by replacing La by Nd and Ba by (Sr,Ce), i.e. (Nd,Sr,Ce),CuQ4 [16]. As illustrated in Fig. 3.1.2.-5,
the  multi-layered structure of (Nd,Sr,Ce),CuO4 with a layer sequence,
CuOx(P)-[(Nd,Ce)-0,-(Nd,Ce)|(F)-CuOx(P)-[(Sr,Nd)O-(Sr,Nd)O](RS), contains, besides the two
types of structural elements constructing the category-A phases, i.e. P and RS, also a third
structural element, i.e. the fluorite structure F adapted by e.g. CeO,. This “214” phase was called
as the “T*” phase. Later the third “214” structure, named the “7”” phase, was obtained for a
(Nd,Ce),Cu0O4 compound [17].

o 0O

0201 0222 0021

Fig. 3.1.2.-5 The T-, T*- and T"- structures of (La,Ba),CuQ,, (Nd,Sr,Ce),Cu0, and (Nd,Ce),CuQ,, respectively
[15].

Copper-oxide structures containing a fluorite block B(O,B),.; are defined to form
category-B [11]. All the category-B phases obey a general formula, M,,421BsCu1:xOmiarr2s Where
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m=0,1,2,3,....,s 21 and £ =0 or 1, with the conditions that for k=0, m =0 and for k=1, m >
0 [12-14]. A phase obeying the M,Ax%BCu1#Om+ari2s formula is denoted by M-m(2k)s(1+k).
Examples of the systematic naming of various representative category-B phases are given in
Table 3.1.2.-2. The naming schemes for the both categories, A and B, are consistent at common
limits, 7.e. the phases with s =1 including the infinite-layer phase as a 0011 structure.

Table 3.1.2.-2 Schematic names for representative layered copper-oxides of category-B [15].

Formula Trivial name Systematic name
(5r,Nd)CuQ, infinite-layer phase 0011
(Nd,Ce)>Cu0, T 0021
(Nd,Sr,Ce):Cu0, T 0222
(Pb,Cu)(Sr,Eu)z(Eu,Ce),Cuy 0y - (Pb,Cu)-1222
Cu(Ba,Eu)»(Eu,Ce);Cuy0y 223 or 446 Cu-1222
BizSr2(Gd,Ce),Cuy 0y - Bi-2222
(Pb2,3Cu,13)38r2(En,Ce)sCur 0y - (Pb;3Cuy3)-3222
(Pb,Cu)Sry(10,Ce):Cu,0y, - (Pb,Cu)-1232

3.1.3. Hole-Doping Routes

In the M,A204-1Cu,Opmi2124+5 phase in general, as previously mentioned in section 2.2.1.,
the Ppys values as calculated according to Egs. 2.2.1.-1, 2.2.1.-2 and 2.2.1.-3, only the out-of-plane
bonds from Cu to the apical oxygen, Ogpi, and from the in-plane O to cations 4 and Q have
contributions to the hole concentration in the CuQ, plane.

For an octahedral CuO, plane, in the case of CuQ, plane number, n = 1, Pgyg is
calculated by [15]:

Pgvs=Veu+2Vpo+2
=2 8Cu-Oapi +4 Scu-0—2 (2 Scuo T 4 sA-O) +2
=2 SCu-Oapi - 8840+ 2. (3.1.3.-1)

For a pyramidal CuQO, plane of the » = 2 phase and an outermost CuQO; plane of the n > 3 phase,
Pgys is given by: " :

Ppvs =V +2 Vo +2
= Scu-Oapi T 4 Scu-0—2 (2 Scu0 + 2 840 +2 50.0) +2
= SCu-Oapi ~ 4s40-4 Sg.o+ 2. ' (3.13.-2)

For a square-planar CuO; plane, i.e. the inner planes of the n > 3 phase, Pgys is given by:

Ppys=Vcy+2 Vo +2
=4 5cy0—2(2scnot 4 SQ.O) +2 .
=-8s00+2. : (3.13.-3)
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According to these observations, there are three different distinguishable ways of
increasing the hole-doping level of a CuQ, plane as illustrated in Fig. 3.1.3.-1 [18,19]: (i)
shortening the Cu-Oyyi bond, i.e. hole-doping route TI(1), (#7) lengthening the effective O-4 bond,
i.e. hole-doping route I'l(2), and (i) lengthening the effective O-Q bond, i.e. hole-doping route
I1(3). It is important to note that not only the bond length dj; but also the corresponding R’; value
contribute to the “effective” length of a bond. Moreover, the R’; value for an O-4/Q bond
depends on both the valence and size of the cation 4/Q. Therefore, not only the valence but also
the size of the cation 4/Q affects the hole-doping level of the CuO; plane. Replacing the 4/Q site
for an isovalent cation but with a smaller ionic radius the change would decrease the R’; value of
the 0-4/Q bond. Note that the changes in the effective bond length, i.e. (dj - R’;), depends on the
rigidity of the structure. In the case the structure is rigid enough to resist against the decrease in
the bond length dj, the value of (dj - R%;) and thereby the hole concentration of the CuQ, plane

increase.

n@y
e

®)

Fig. 3.1.3.-1 (a) Hole-doping routes, TI(1) and TI(2), into the CuO, plane in the M-m201 structure. When the
out-of-plane O atom approaches towards the in-plane Cu atom holes are introduced through route I'(1), and also
through TI(2) if the effective distance between the in-plane O atom and 4 atom increases. (b) Hole-doping routes,
T1(1), TK(2) and TI(3), into the CuO; plane in the M-m212 structure. Holes are introduced through route I1(1) when
the out-of-plane O atom approaches towards the in-plane Cu atom, through I1(2) as the effective distance between
the in-plane O atom and 4 atom increases, and also through I1(3) if the effective distance between the in-plane O
atom and Q atom increases. (¢) Hole-doping route, I1(3), into the inner CuO, plane in the M-m223 structure. As the
effective distance between the in-plane O atom and () atom increases, holes are introduced through T1(3) [15].

3.1.4  Irreversibility Characteristics of High-7, Superconductors

The irreversibility-field line, Hi«(T), is a boundary between the magnetically reversible
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region (J.= 0) and the irreversible region (J,# 0) in the Hi,-vs-T phase diagram. The absolute
values of Hi, depend on the experimental apparatus, measurement method, analysis method and
Hir determination criteria efc. Thus, when comparing the absolute values of Hj,; among different
sample systems, it is required to fix them. Since the magnetization of magnetic-related
compounds is influenced by “the magnetic relief time”, even the measurement rate should be
fixed. It is also because the value of Hj, is affected by the vortex creep that depends on the
measurement rate, i.e. vortex invasion rate.

It is very crucial to keep the grain size constant when the Hj, characteristics are
determined since J, via Bean’s model is applied in the present work and the model depends on
the size of the grains. Although the Bean’s model standardizes the grain size among the samples
when it determines the absolute values of J,, the grain-size standardization affects just the figure.
Determination of J, values for samples with various grain sizes is worthless even though the
grain-size effect among the samples is taken into account by using Bean’s model. Therefore, in
order to compare the Hji, characteristics via Bean’s model, it is needed to synthesize samples
with the same grain size.

3.2.  Experimental Procedure

The fully-oxygenated CuBa;RECu,07.5 sample series, i.e., RE = Eu, Gd, Y, YbosYo.4,
YbosYoo, Yb, Yoi1sltgg, YbooLug1, YbogLugz, YbosLugs and Ybgglugs were synthesized by
solid-state reaction in order to elucidate the dependence of the Hj. characteristics on the ionic
radius of the rare-earth element [20]. Since the method of solid state reaction is the most
conventional and popular method for synthesizing high-7, superconductors and other ceramics,
the present CuBapRECu,07.5 samples were synthesized by this technique. RE;03, BaCOs3 and
CuO mixture of high-purity (99.9 or 99.99 %) powders were selected as cation sources in this
study. The starting materials were mixed into the atomic ratio RE:Ba:Cu = 1:2:3 and the obtained
powder mixture was sintered (first sintering). After the first sintering, the samples were reground
and the powders were pressed into pellets. The pellets were sintered again (second sintering) in
the oxygen atmosphere in order to obtain fully-oxygenated samples. The precise sintering
conditions are shown in Table 3.2.-1. The absolute values of the oxygen content were determined
by the Cu*?" coulometric titration method. Throughout the careful controlled oxygen annealing,
all the samples possess fixed level of the oxygen contents, i.e., 7-8 ranging from 6.91 to 6.94
(except for the sample with RE = Gd).
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Table 3.2.-1 Synthesis conditions of a series of fully-oxygenated CuBa,RECu,0-.5 samples.

RE Ionic radius |  Sintering |Oxygen annealing] Oxygen content
(A) (in Air) 7.5
Fu 1.066_ |950°C.120h] _350°C, 48h 6.04
900°C. 24h|  400°C, 48h
Gd 1. : = .
053 I510°C. 12n| 350°C. 48h 6.98
900°C, 24h
Y 1.019  [905°C.24n| 350°C, 48h 6.93
v 905°C, 24h
Y4 Ybyg 0.999  |900°C, 12h] 350°C, 48h 6.03
Yo, Ybos 0.992 | 900°C, 12h] 350°C, 48h 6.1
900°C, 24h
Yb 0.985 [905°C, 2an| 350°C, 48h 6.93
905°C. 24h
Yo 15100 52 0.985 | 900°C, 24| 200°C, 48h 6.93
350°C, 48h
YbooLug, 0984  |900°C, 12| 200°C, 48h 6.92
350°C, 48h
Yby gLty 0983 | 900°c, 12n|—-400°C, 48h 6.94
350°C, 48h
Yo 7L s 0983  |900°C, 12n|400°C, 48h 6.91
350°C, 48h
VoLt 0982 | 900°C, 12n|200°C, 48h 6.92
350°C, 48h

In the present work the magnetic property measurements were performed by a dc
SQUID magnetometer (Quantum Design MPMSR-5S). For the present CuBa,RECuyO7.5
samples, the T, value is estimated by measuring the magnetic susceptibility () as a function of
temperature. The method to measure the susceptibility as a function of the temperature by a
SQUID magnetometer consists of the zero-field-cooling and field-cooling measurements. In the
zero-field-cooling method the superconductor is first cooled below its i and then the magnetic
field is applied. Thus volume fraction of the superconductor is estimated larger than the true one.
On the other hand, in the field-cooling method the magnetic field is applied before the
superconductor is cooled below the T,. Therefore, the volume fraction of the superconductor is
estimated smaller than the true one. Consequently the true volume fraction of the superconductor
is in between the values revealed from the zero-field-cooling and field-cooling measurements. In
the present work the temperature-dependence of magnetic susceptibility was measured for
pelletized samples under a fixed external field (H) of 10 Oe from room temperature down to 5 K.
The “effective” superconductivity transition temperature, 7,/ , value for each sample was
estimated by extrapolating the obtained diamagnetic portion of the y-vs-T curves to the x= 0
level [21]. This 7,® value is somewhat lower than the onset temperature of the Meissner signal,
that is commonly referred to as the T, Value. The Tc(e) values are almost the same with the T,
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values estimated from the curve fitting of measured x-vs-T curves [21,22].

The irreversibility-field line, Hi(T), has been determined by several techniques [23,24]
so far. In the present study, the M-vs-H curve were measured for A up to 5 T then the Hj, value
was determined from the magnetization (M)-vs-H curve as the limit of H where the hysteresis in

the difference of magnetization, AM, becomes zero:

Hy=HAM—0). (3.2-1)

Actually, the following relationship that satisfies the definition was employed [25]:
log H=log Hys + b AM . (3.2.-2)

The values of parameters, Hy, and b, were determined by a least-square method applied
to the experimental plot of log H-vs-AM. Note that, the AM data points which correspond to J,
values in the range of 500 to 1000 A/em?® (according to Bean’s model) were employed in this
procedure. Moreover, to be able to compare the Hj, characteristics of different superconductors,
the experimentally measured irreversibility-field lines are typically plotted against the reduced
temperature, 1-7/7, c; '

In the magnetization measurements, the sample amount was kept relatively large and
essentially constant, i.e. at 350 £ 10 mg in order to obtain sufficient magnetization signal. The
sufficient magnetization signal enables to avoid the deviation in the measured magnetization
values due to the difference in the sample mass.

For the study of Hj; characteristics of CuBa,RECu,07.5 samples, it is very crucial to fix
the grain size since J, via Bean’s model is applied and the model strongly depends on the size of
the grains. Although the Bean’s model standardizes the grain size among the samples when it
determines the absolute values of J,, the grain-size standardization affects just the figure.
Determination of J, values for samples with various grain sizes is worthless even though the
grain-size effect among the samples is taken into account by using Bean’s model. Therefore, in
order to compare the Hi, characteristics via Bean’s model, it is needed to synthesize samples
with the same grain size. Besides, the homogeneity of the oxygen content from grain to grain is
another essential requirement for the precise estimation of Hj, characteristics. If the grains have
different particle sizes, the oxygen content may vary among the grains within the same sample
and it is worthless to confirm the Hi, characteristics because the absolute value of Hj; is strongly
affected by the oxygen content. ‘

Thus to confirm the particle size and to check whether the sample grains are
melt-grown or not, the field-emission scanning electron micrographs (SEM; Hitachi FE-SEM
S-45500) with EDS were taken for the CuBa,RECu,07.5 samples at an accelerated voltage of 15
kV. From these observations, the longest distance of each grain was determined as a grain size of
one particle since the anisotropic of grain size is stronger for the superconductive compound.

37



The average of grain size was determined at 3.0+0.5 um for a series of CuBa;RECu,07.5 samples
thus it is reasonable to assume that all the grains had the same oxygen content.

A Moreover, for the observation of the crystal microstructure and twinning, and to reveal
the existence of possible atomic disorder or concentration modulation in the crystal structure,
transmission electron microscopy (TEM; HITACHI H-9000NAR) was performed at an
accelerating voltage of 300 kV for CuBa,RECu,07.5 samples. The observations of particles,
electron diffraction and high resolution observations were performed.

3.3. Results and Discussion

Through a study in the influence of oxygen content on the Hj, characteristics, the
importance of the oxygen content of the samples on the Hi, characteristics was clearly revealed.
With increasing the oxygen content, the superb Hi, characteristics were obtained for the
CuBayRECu;07.5 (RE = Gd, Yb) system. Since the fully-oxygenated samples possess superior
Hi characteristics, the oxygen content was fixed at full for the study aiming at clarifying the RE
size-only-dependent effects, i.e. isovalent-cation-substitution effects on the Hi, characteristic. A
systematic study on the CuBayRECu,07.5 sample series (RE = Eu, Gd, Y, YbosYo4, YbosYo2, YD,
Yo.13Luo.g2, Yby, 9Luo 1, YbogLuga, Ybg7Lugs and YbggLug4) with an oxygen content fixed at full
is reported in this chapter.

3.3.1.  Confirmations of Synthesized Samples

Fig. 3.3.1.-1 shows the XRD patterns of the fully-oxygenated CuBayRECu;07.5 samples
with various RE constituents. From the XRD data, it was found that with decreasing the ionic
radius of RE, r(REHI), it became more difficult to obtain the CuBa;RECu;07.5 phase in a
single-phase form. For the samples with the #(RE™) smaller than that of Yb, small amounts of
impurity phases of RE,BaCuOs and BaCuO, were detected. It has been reported that with the
smallest RE’s, e.g. Yb or Lu, the mechanism of CuBa;RECu;07.5 phase formation is different
from that of the conventional CuBa;YCuyO7.5. Since the CuBayRECu;O7.5 phase with smaller
RE’s forms nucleus of RE;BaCuOs and BaCuO, first then superconductive phase forms, the
RE;BaCuQOs phase is detected even when applying synthesis temperatures lower than the
appropriate synthesis temperature [26,27]. Furthermore, it has been reported that the smallest
RE’s can not form the CuBaRECu;07.5 phase since with the too small RE the lattice is
extremely highly strained [28]. In terms of polycrystalline CuBa;LuCu;0O7.5, a number of
research groups found that they could not obtain the single-superconductivity phase [20,29-35].
An extensive investigation on the phase diagram of CuBa;LuCu;07.5 has been reported and the
study claims that the CuBa,LuCuyO7.s phase can not form in the polycrystalline samples [36]
bwing to the existence of a lower limit of the r(REm) that the CuBa,RECu,07.5 structure can be
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tolerated [34,35]. Also, the synthesis difficulty of CuBa,LuCu,O7.5 was ascribed to the very low
peritectic melting temperature of this compound [37]. On the other hand, a single-crystal
specimen of CuBa;LuCuy0O7.5 compound with 7, value of 90 K [38] was reported. The
stabilization of the CuBa;LuCu;07.5 phase in single-crystal form may be due to the enhanced
temperature, i.e., about 100 to 200 °C higher than the sintering temperature of bilk samples, and
the extremely off-nominal starting composition, e.g., Lu:Ba:Cu = 1:23:9 [29]. CuBa;LuCu;07.5
single crystals were also obtained by the flux method in alumina crucibles [39] with a mixture
containing the stoichiometric CuBa;LuCuy07.5 powder and flux components, i.e., BaO and CuO.
After the heat treatment, the crystal was slowly cooled at a constant rate of 4-10 °C a day in the
temperature interval 960-870 °C with subsequent decanting of the residual flux. The obtained
crystals oxygenated in flowing oxygen at 475 °C exhibited 7, value of 90.0-90.5 K with AT, =
0.2-0.4 K and the resistivity value in the ab plane implied the characteristics of high-quality
single-crystals. Single phase CuBa;LuCu,07.5 thin-epitaxial films were recently obtained by
PLD [40,41] and MOCVD [42] methods. A single phase of the polycrystalline
CuBayY.<LusCuyO7.5 sample exhibiting the 7, value in a range of 92.1 to 86.7 K was
synthesized up to x < 0.5 through a solid-state reaction method [32]. Pure CuBa,;Y.xLuyCuyO7.s
samples were successfully yielded up to x < 0.75 (T, = 88 ~ 89 K) by adding 8 % of excess
copper in the initial starting composition [34]. Furthermore, partial substituting Ca for Lu
stabilizes the superéonducting phase. CuBa;Lu;xCaxCuyO7.s for eXample, the superconductivity
phase is mainly obtained due to Ca with x = 0.1 composition although sample contains a small
amount of impurity phases. On the other hand, Ca rich sample such as x = 0.4 again contains
impurity phases implying the solubility limit of Ca in this system. Intermediate compositions

such as x ~ 0.3 ~ 0.4 were reported to be free from impurities [28].
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Fig. 3.3.1.-1 XRD patterns for the CuBa,RECu,07.5 (6.91 < 7-8 < 6.94) samples. All the patterns were obtained

after the oxygen annealings.

It has been believed that the RE;BaCuQOs phase appears when the applied synthesis

temperature is higher than the optimum temperature, while BaCuO, forms when the synthesis

temperature is lower than the optimum synthesis temperature. However, from the experimental

facts in present study the situation in reality may be more complicated. Fig. 3.3.1.-2 shows the

XRD patterns of the CuBay(Yby ¢L.ug4)Cuy07.5 samples synthesized at various temperatures. The

optimum temperature for synthesizing this sample was determined at 900 °C, in this work.
However, in the XRD patterns, (Yb,Lu),BaCuOs and BaCuO, are detected even at higher and
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lower temperatures than the optimum synthesis temperature. For the CuBay(YbggLug4)CuyO7.s
sample synthesized at 890 °C the detected impurity phases were (Yb,Lu),BaCuOs, BaCuO, and
very small amount of CuO. On the other hand, at 910 °C, in spite of the fact that the temperature
was higher than the optimum temperature, both (Yb,Lu),BaCuOs and BaCuO, were detected as
impurity phases.
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Fig. 3.3.1.-2 XRD patterns for the as-synthesized CuBay(YboeLug4)Cuy07.5 samples heated at various
temperatures.

Fig. 3.3.1.-3 shows the XRD patterns of the CuBay(Yb;.xLux)Cu,075 (x = 0.5, 0.6 and
1.0) samples. The main phase in the sample with x = 0.5 is the superconductive phase but it
includes larger amounts of the impurity phases of (Yb,Lu);BaCuOs and BaCuO,, than the
CuBay(Ybg ¢Lug4)Cuy07.5 sample. However, the synthesis temperatures of both RE = Ybg sLug s
and YbysLug 4 samples were the same, i.e. 900 °C. Moreover, Lu content increases more, i.e. in
the case of the sample with x = 0.6, the superconductive phase is not the main phase any longer.
The dominant phases of this sample were (Yb,Lu),BaCuOs and BaCuO,. Furthermore, as shown

in Fig. 3.3.1.-3 a CuBa;LuCu,07.5 sample was synthesized for revealing the synthesis limit of a
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superconductive phase in terms of #(RE™). The obtained sample was multi-phasic containing
(Yb,Lu),BaCuOs phase, BaCuO,, LuO and BaO.
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Fig. 3.3.1.-3 XRD patterns for the as-synthesized CuBay(Yb,.Lu,)Cu,075 samples with various Lu
concentrations.

In Fig. 3.3.1.-4, the a and b lattice parameters of CuBaRECu,07.5 show lanthanide
contraction tendency linearly, only down to RE = Yb, while for the Yb/Lu samples the lanthanide
contraction seems to be saturated. The ¢ axis behaviour is supposed to be complicated since with
decreasing #(RE™), ¢ axis is shortened due to smaller RE but at the same time, ¢ axis is affected
very sensitively by the oxygen content. These two factors, ie., RE size and oxygen content

determine the length of the ¢ axis. It was thus considered that the results of ¢ lattice parameter
are reasonable.
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Fig. 3.3.1.-4 Lattice parameters for the fully-oxygenated CuBa,RECu,O75 (6.91 < 7-8 < 6.94) samples as a
function of the ionic radius of the rare-earth element, #(RE™), in trivalent state.

Considering the phase formation of the CuBa(YbgLug4)CuO7.5 sample synthesized
at various temperatures, XRD patterns of the CuBay(Yb;Lux)CuO7.5 (x = 0.5, 0.6 and 1.0)
samples and the lattice parameters of fully-oxygenated CuBayRECu,07.5 series of samples, it
seems that in terms of the size of the RE constituent RE = Ybg¢Lug.4 is close to the lower limit as
being stabilized under the present synthesis conditions.

Moreover, it has been reported that by starting with compositions excess in copper, it is
possible to prevent the formation of the RE,BaCuOs impurity phase and starting with the
composition corresponding to REBa;Cu3207.5, the pure phase of CuBayRECuyO7.5 was
successfully obtained with smaller #(RE™) [34,43,44] since the excess amount of copper worked
as a flux. However, the excess amount of copper did not contribute enough, in this study.

Fig. 3.3.1.-5 shows the T, values of the fully-oxygenated CuBa;RECu,;07.5 samples.
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When 7(Ba) and »(RE™) are close, i.e. in the case of large RE, there is a possibility that a part of
RE substitutes for a part of Ba site [45]. Therefore, the largest RE in this study, Eu might be
substitutes for a part of Ba because 7(Eu) is approximately 1.07 A and that of Ba is 1.52A for CN
is 10 thus the #(Eu) and »(Ba) are close. However, based on Fig. 3.3.1.-5, T, value depression was
not observed for RE = Eu, thus the substitution of Ba site by Eu is not applicable. Although all
the samples possess precisely the same oxygen content, ie. 691 < 7-3 < 6.94 (except
CuBa;GdCu,yOg 98), it was fourid that the T, values are different among the samples. However,
the difference among the samples is only #(RE™)s. This result implies that each sample has a
different under-doped, optimal-doped and over-doped range as a function of the oxygen content.
Thus, even though the oxygen content is fixed among the samples, their 7, values are different.
However, the most crucial point in this study is the doping levels of over all crystals are the same
among samples since all the samples have the same oxygen content. This means that
under-doped, optimally-doped and over-doped states depend not only on the doping level but
also on the size of RE. Since the overall doping level was fixed among the samples, this result
implies that samples with the smaller RE’s tend to be move over-doped than those with the larger
RE’s, inducing lower T, values than those for the larger RE samples. It is important to note that
this is due to the RE size effect only.
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Fig. 3.3.1.-5 T, values for the fully-oxygenated CuBa,RECu,07.5 (6.91 < 7-8 < 6.94) samples plotted against
HRE™).

33.2. Microstructures

The aim in this study was to reveal the intrinsic Hi, properties in samples of the
CuBayRECu,-07.5 phase without any extrinsic pinning centers. Therefore, the following thing
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needed to be confirmed for the samples studied: whether some tiny impurity particles, e.g.
RE,BaCuOs, are melted and grown together with melted CuBa,RECu,07.5 matrix during the
synthesis process or not. If this melt-grown process is realized, the tiny melted impurity particles
may act as active vortex pinning centers that might affect the Hi, characteristics. Thus, to
confirm the existence of such kind of melt-grown superconductive phase and impurity particles,
and if it is so, to check the effects of the impurity phase/particles, a SEM study with EDS
analysis was carried out.

Fig. 3.3.2.-1 shows the results of the SEM observations for the most fundamental
CuBa;YCuyOg93 sample and CuBay(YbosLug4)CusOg92 sample that has the smallest r(REIII in
the present study. The both samples, ie. mono-RE system of CuBa;YCuyOge3 and
solid-solution-RE system of CuBay(Ybg L g 4)CuyOs 92, were found not to be melt-grown.

Fig. 3.3.2.-1 SEM images for the (a) CuBa, YCu,04 93 and (b) CuBay(Yby cLug 4)Cuy06 9, samples.

For a detailed microstructural study, the observations of the CuBay(Ybg sLug4)Cuy0¢.92
sample and composition analysis were carried out. The results of the SEM observation and the
EDS analysis of grain of the CuBay(Yby ¢Lup 4)CuyOs 92 sample which was the most difficult to
synthesize in pure phase in this work, i.e. a sample with the highest probability to include the
impurity phase of (Yb, Lu),BaCuOsis shown in Fig. 3.3.2.-2. A local spot (a) of the grain was
concluded to be of the CuBay(YboLup4)CuyOs92 composition because of the grain shape. On
the other hand, a local spot (b) was concluded to be of the (Yb,Lu),BaCuQOs impurity particle
from its spherical form. However, it was revealed that both local spots of the grain (a) and (b)
possess the compositions of RE:Ba:Cu = 1.0:1.5:2.8 and RE:Ba:Cu = 1.0:1.7:3.0, respectively,
thus it was confirmed that the composition of this sample is approximately
CuBay(YboLug4)Cux069, from EDS analysis. These results imply that there are hardly any
impurities in the CuBay(YboLup4)CuyOs9, sample and there is no possibility that tiny impurity
particles are melted and grown together with melted superconductive phase.
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Position
Atomic % (a) (b)
Lu 5.85 7.3
Yb 12.64 10.22
sum of RE 18.49 17.52
Ba 29.65 29.45
Cu 51.85 53.03
RE :Ba:Cu 1.0:1.5: 2.8§ 1.0:1.73.0

Fig. 3.3.2.-2 SEM image and results of EDS analysis at corresponding spots for the CuBay(Ybg¢Lug4)CuyO6.52
sample.

Comparing superconductivity properties of the mono-RE and solid-solution-RE systems
requires a careful study. It is because in the solid solution of two different RE’s, i.e. RE, and RE},
some atomic disorder or concentration modulation along the ab plane may occur, possibly
resulting in some kind of weak pinning centers to yield better Hi, characteristics. These two
kinds of RE may be clustered such that the regions of CuBayRE,Cu,07.5 and CuBayRE,Cuz07.5
in the sample might result in concentration modulation which induces a source of weak pinning
centers. On the other hand, the two kinds of RE species may tend to order mutually, i.e. they
order RE, and RE, in turn. In this case, there is hardly any macroscopic concentration
modulation in the sample, thus weak pinning centers due to atomic disorder or concentration
modulation may not exist. The third possibility is that RE, and RE, order randomly. Besides, the
fully-oxygenated CuBa,RECu,07.5 samples possess many twin boundaries in each grain, in
general. It has been reported that in the case that there is oxygen deficiency at the twin
boundaries or RE;BaCuQs impurity particles are trapped at the twin boundaries, these would
work as pinning centers [46] and they affect the Hj, characteristics. Therefore, the TEM
observations were indispensable to confirm these possibilities mentioned in above for the
CuBay(Ybg gLug4)CuyOg92 sample which was the most difficult to synthesize consisting of
solid-solution-RE systems thus it was the most likely to include and trap (Yb,Lu);BaCuOs
impurity particles at the twin boundaries.

Fig. 3.3.2.-3 (a) shows a TEM micrograph of a grain in the CuBay(Yby ¢L.ug.4)Cu20¢.92
sample. It shows only twins due to fully oxygenation but no impurity particles. This implies that
pinning centers owing to trapped RE,BaCuQOs impurity particles at the twin boundaries, do not
exist in this sample. Moreover, a TEM electron diffraction pattern from a
CuBay(Ybg ¢Ltg.4)CuyOg9p grain is shown in Fig. 3.3.2.-3 (b). Electron diffraction spots with
streaks would originate from the atomic disorder of microstructure. Moreover, when the
concentration modulation exists in the grain, the modulation structure induces a long periodic
structure results in lattice super of electron diffraction. However, each spot in this diffraction
pattern for the ab plane is round without streaks or lattice super. The double spots indicate the
existence of twin structures. Thus the possibility of effective pinning centers due to the disorder
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of atoms or modulation can be ruled out for this sample [III].

)o [m

Fig. 3.3.2.-3 Dark-field image for the CuBay(Yby¢Luy 4)CuyOg g, crystal with the incident electron beam parallel to
the [001] direction (a), and (b) the ED pattern taken for the same crystal-grain from the same direction of the
incident electron beam [II1].

Furthermore, HRTEM observations were carried out for the same
CuBay(Yby gL up.4)Cu046.92 sample to reveal the possible ordering of atoms directly. The result is
shown in Fig. 3.3.2.-4. In the case there would be concentration modulation, the HRTEM pattern
would not show homogeneous pattern, like Fig. 3.3.2.-4, but a modulated pattern.

In conclusion, the microstructural study confirmed that the CuBay(YbosLug.4)CuzO6.02
sample possesses homogeneous microstructures with twin boundaries without effective pinning
centers.

Fig. 3.3.2.-4 High resolution (HR) TEM image for the CuBa,(Yby sLug 4)Cu;04 9, sample.
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3.3.3. Magnetic Irreversibility-Field Characteristics [II,ITI]

In section 3.1.4, it was mentioned minutely that Hj, characteristics must be determined
the fixed experimental parameters, criteria of Hj, determination, measurement rate and the grain
size of the samples [47]. Therefore, in this study, the Hi, characteristics were evaluated for
samples with a precisely controlled grain sizes, ie. 3.0+£0.5 pm from SEM observations and
precisely fixed experimental conditions.

In Fig. 3.3.3.-1, the H;, values determined for the fully-oxygenated series of
CuBayRECuy07.5 (RE =FEu, Gd, Y, Yb, YbgoLugi, YbosLug2, YbosLugs and Ybgeluyg4) samples
(6.91 < 7-8 £ 6.94; except for the sample with RE = Gd) are plotted against the reduced
temperature,1-7/7 c(e). It is evident that for the samples of the CuBa,RECu;07.5 (6.91 < 7-86 <
6.94) series with a constant oxygen content, the Hi, characteristics strongly depend on r(RE™)
[ILII]. Namely, the smaller the RE constituent is the higher is the Hi, field. For the
CuBay(Ybyg L.ug 4)Cuz06 92 sample that has the smallest r(REm) in this study, the value of Hj,; was
the highest among the present samples.
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Fig. 3.3.3.-1 H,,characteristics for the fully-oxygenated CuBa,RECu;07.5 (6.91 < 7-8 < 6.94) samples.

Fig. 3.3.3.-2 shows more precise results, ie. Hi characteristics of the
CuBay(YbgsY0.4)CuyO6.93 and CuBay(YbosLug4)Cuy069, samples. The oxygen contents for the
two samples are essentially same. Therefore, the difference between these two samples is only
the substitutive RE spices of the Yb based RE site, i.e. Y and Lu. The amount of Yb is fixed at
0.6, and the substituted Y/Lu amount thus 0.4. Moreover, the formal valences of Y and Lu are
+II1, i.e. they are the “isovalent” cations. Thus, it is possible to think that the difference between
the samples is only the r(RE™). Fig. 3.3.3.-2 shows that with decreasing r(RE™), the Hi;
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characteristics were enhanced. Comparing these two samples, their Hi, characteristics are
different by a factor of 2.
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Fig. 3.3.3.-2 Comparison of H;, characteristics between CuBay(YbgeLuo.4)Cu;06 .0, and CuBay(Ybo,sY4)Cuz04.93
samples,

Fig. 3.3.3.-3 also shows the Hj, characteristics as a function of 1-7/T, c(e) of the
CuBax(Yby.5Y0.2)Cuz06.0: and  CuBay(YbpsLug)CuyOg .04 samples. Similarly  to
CuBay(Ybo6Y0.4)Cu20693 and CuBay(YbggLug4)CurOgg, samples, the difference between the
two samples in Figs. 3.3.3.-3 is only the #(RE™) of Y and Lu. Considering results of Figs. 3.3.3.-1,
333.-2 and 3.33.-3, it indicates that the Hi; characteristics depend on »(RE™) clearly in
CuBa,RECu;07.5 (6.91 < 7-8 < 6.94) system at a fully-constant oxygen content [ILIII]. It should
be emphasized that the superb Hjy, characteristics of CuBa,RECu,07.5 (6.91 < 7-86 < 6.94)
samples with small RE was derived from the effects of isovalent-cation substitution only, i.e.
r(REIH) affects the Hj;, characteristics. If these experimental results and the conclusion are correct, |
following assumption must be revealed; from Figs. 3.3.3.-1, 3.3.3.-2 and 3.3.3.-3, it was found that
in the case of isovalent-cation substitution in CuBa,RECu,07.5 system, r(REIH) largely affects the
H; characteristics. If it is correct, CuBa,RECu;07.5 samples with the same r(REm)/same oxygen
content, are supposed to possess the same Hj, values/characteristics.
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Fig. 3.3.3.-3 H,, characteristics for the CuBay(Ybg gLt 2)C;06.04 and CuBay(Ybg Y 2)Cu;O601 Samples,

To confirm this point, a sample with a composition of CuBay(Y( 13Lu0.82)Cuy0¢93 Was
synthesized. The average ionic radius of the RE site of this sample, ie. r(Yo.13Luoso),
corresponds to that of Yb. Furthermore, the oxygen contents of the two samples were exactly the
same at 6.93. Interestingly, the optimum synthesis temperature for the
CuBay(Yo,18Lug.82)Cur0603 sample was determined at 900 °C that is the optimized synthesis
temperature for the CuBa,YbCuy;Og93 sample, too. Table 3.2.-1 (see section 3.2.) shows the
detailed synthesis conditions and basic properties of both samples. Fig. 3.3.3.-4 shows the XRD
patterns for the samples. It was found that the basic properties of these two samples having the
same 7(RE™)s, were very similar. Furthermore, the Hi, characteristics of RE =Y¢,1sLugg and Yb
at the oxygen content 6.93 samples were determined and further compared in Fig. 3.3.3.-5. It is
obviously seen that the samples with the same r(RE™) and fixed oxygen content possess exactly
similar Hj, values/characteristics. Therefore, these experimental results clearly revealed that the
differences in the Hj, characteristics among the various CuBa;RECu;07.5 (6.91 < 7-8 < 6.94)
samples are derived from the effects of isovalent-cation substitution only in this system, with
fixed oxygen contents.
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Fig. 3.3.3.-4 XRD patterns for the CuBa,YbCu,Og.0; and CuBa,(Y, 5LUg.5,)C,06.03 samples possessing the same
oxygen contents, 7-8 of 6.93 and the same r(RE™) values of 0.985 A.
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Fig. 3.3.3.-5 Hy, characteristics for the CuBa,YbCu,Oy 93 and CuBa(Y 15110 5,)C,04 03 samples.

Moreover, to progress this study more quantitative aspect, the value of H;, at 77 K was

calculated [IIT]. Fig. 3.3.3.-6 shows these Hy, (77 K) values for each fully- oxygenated
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CuBaRECu;07.5 (6.91 < 7-8 £ 6.94) sample. It is seen that the magnitude of Hi, (77 K) strongly
depends on r(RE™) when the oxygen content is constant. With decreasing #(RE™), the Hi (77 K)
values is strongly enhanced. For the CuBay(YbgeLuo4)Cuy06 92 sample that has the smallest RE
constituents among the present samples, the value of Hi, (77 K) was as high as ~9.0 T. For
further comparison, the Hj, values estimated for the CuBayRECu;07.5 (6.91 < 7-8 < 6.94)
samples at T = 0.92 T, are plotted against #(RE™) in Fig. 3.3.3.-7 [II]. Note that, at high
temperatures, i.e. T=0.92 T,, the contribution from the vortex pinning to the value of H, may

be considered negligible. Thereby the “intrinsic” H;, values/characteristics can be evaluated.

10 ! | | I 1 |
5 YboLug, 77 K]

/uOH irr (T)

' ! 1 I I l ! :
00.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10
HRE™) (A)

Fig. 3.3.3.-6 Correlation between H,, (at 77 K) and r(REm) in the fully-oxygenated CuBa,RECu;O7.5 (6.91 < 7-6 <
6.94; except CuBa,GdCu,Oq 05) system [I11].
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Fig. 3.3.3.-7 Hy, (T = 0.92 T,*) of the CuBa,RECu,07.5 (6.91 < 7-8 < 6.94; except CuBa;GdCu,O95) samples
with respect to #(RE™) [I1].

Recently it has been reported that a seeded-melt processed CuBa;NdCu,07.5 sample
containing 15 mol% Nd4Ba,CuyOj9 has a superb Hi, characteristics, i.e. ~9.0 T in the case of
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H//c at 77 K and ~10.5 T in the case of HLc at 88 K [43]. However, this is probably caused by
“extrinsic” pinning centers, rather than an “intrinsic” nature of the electronic structure of the
compound. Other studies for CuBa,RECu;07.5 (RE = Nd, Sm, Eu) superconductors synthesized
by an oxygen-control-melt-growth (OCMG) process has been studied. When By, lines
(irreversibility line) are scaled as a function of (1 — t%)', since the slope of Bip-vs-(1 - )™ was
much steeper for the samples OCMG-processed in lower oxygen partial pressure, it was
concluded that the flux pinning’of these samples is much stronger thus the better By, values were
obtained [44]. Moreover, to reveal the correlation between irreversibility-field line and the flux
pinning, it has been reported that the irreversibility-field lines of OCMG-processed flux-grown
CuBa;NdCu,07.5 single crystal, OCMG-processed melt-grown CuBa;NdCu,O7.s bulk and the
MPMG-processed melt-grown CuBa,YCuyO7.5 bulk were compared. Among these samples,
OCMG-processed melt-grown CuBa,NdCu,07.5 bulk sample exhibited the highest irfeversibility
line. This study was concluded that the secondary phase inclusions existing in the
OCMG-processed melt-grown CuBa;NdCu,07.5 bulk sample induced enhanced irreversibility
property [24]. Furthermore, although the studied systems were different from CuBa,RECu;07.5
system, it has been reported that the effect of carrier doping on the irreversibility lines in
(La,S1);Cu045 and BiySr,CaCuyOg+s single crystal were summarized. As a function of Sr or
oxygen contents, systematic and dramatic widening of the irreversibility regions in the B-T
diagram was observed in both systems. This result was concluded that the critical importance of
carrier concentration which directly affects the interlayer coupling strength and dimensionality of
the flux line lattice thereby results in improved irreversibility-field line in all the layered HTSC
compounds as a universal feature [48].

It is clear that the studies of Hy, characteristics for CuBa;RECu;07.5 system has been
progressed by a standpoint of flux pinning or secondary phase inclusions. However, the
standpoint of present work is RE size-only-dependent effects on H;, characteristics with free
from extrinsic pinning centers. The Hi, value of ~9.0 T at 77 K for CuBax(Ybg¢Lug4)Cuz06.92
obtained in the present study is the highest Hj, value among those of the CuBa;RECu,O7.5
compounds ever studied not containing any extrinsic pinning centers. The superb Hix
characteristics of the present CuBay(Yboglugs)CupOg92 sample is derived from
size-only-dependent substitution [ILIII].

Furthermore, it is required to consider and reveal the reasons why the smaller RE
possessive CuBa,RECu;07.5 (6.91 < 7-8 < 6.94) samples have the better Hi, properties. The
possible reasons are follows [III]: (i) some tiny impurity particles, e.g. RE,BaCuQOs, may act as
vortex pinning centers that might induce the better Hj;, characteristics. (i7) some atomic disorder
or concentration modulation along the ab plane may work as weak pinning centers to yield the
better Hjy, characteristics. (iif) some other factors affect the Hj, characteristics.

From SEM observations with EDS analyses, it was revealed [III] that the possibility (7)
is not applicable to the present samples. Similarly, possibility (i) may not be applicable either,
based on TEM and HRTEM observations. Therefore, there must be another reason for superior
Hi; properties with small #(RE™). Conséquently, XANES measurements were catried out to
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make clear the local hole-density distribution over the crystals for fully oxygenated
CuBa,RECu07.5 (691 < 7-8 < 6.94; except CuBa;GdCuyOggs) samples (see Chapter 6).
Furthermore, in order to evaluate the amount of holes in the CuO, plane and CuO,.; chain
respectively, BVS calculation was investigated for fully oxygenated CuBa,RECu,075 system
with reliable structural data obtained from neutron diffraction experiments by other group.

3.3.4. Importance of Hole-Density Distribution
3.3.4.-1 Effects of Size of RE on the Hole Distribution in the CuBa;RECu,07.5 System

In the previous section, the drastic differences in the superconductivity characteristics
as a function of the ionic size of RE were revealed for the fully-oxygenated series of
CuBa,RECu;07.5 (6.91 < 7-6 < 6.94) samples. Since the overall hole concentration are fixed
through the samples, it should be paid attention to “distribution” of hole density over the crystal
for such outstanding differences in superconductivity properties observed. If each sample
possesses individual and clear tendency of distribution of hole concentration, it is possible to
consider #(RE™) affects the hole-density distribution but keeping the total amount of holes
constant. Then such a unique hole-density distribution from sample to sample can be considered
that the origin of different superconductivity properties obtained as a function of #(RE™). Thus,
estimation of the hole-density distribution is one of the most crucial processes to be able to
discuss the correlation between the superconductivity properties and hole-density distribution
over the high-T, superconductor crystals of the present isovalent-RE system.

Systematic study on BVS calculation from reliable structural data for a
certain-compound system is a powerful way to investigate a tendency of the oxidation states of
cations thereby to estimate the hole-density distribution. Using neutron diffraction data obtained
for ‘foptimized” CuB2RECu,0Oy samples [49], BVS reveals that with decreasing r(REHI), the
density of holes in the CuO, plane increases, while that in the CuO;.s chain decreases. For
CuBayRECu,07.5 phases with large RE’s, the hole density in the CuO;_s chain is much larger than
that in the CuO, plane, i.e. the difference in the hole density between the CuO, plane and the
CuOy.5 chain is quite large [S0]. Moreover, BVS calculation was carried out for revealing the
hole amount in the CuO, plane from neutron diffraction data [51] collected for CuBaRECu,0;
with various RE constituents. The density of holes in the CuO, plane was calculated in
accordance with Pgys value described in Egs. 2.2.1.-3 and 2.2.1.-4. As shown in Fig. 3.3.4.-1-1, the
result revealed that with decreasing r(REm), the number of holes in the CuO, plane increased in
spite of overall hole concentration is fixed. Thus it is deducible that holes in the CuO,.5 chain
decreased. These studies indicates that the hole distribution along the ¢ axis becomes more
homogeneous in proportion to decrease r(REm) in the CuBa;RECu;07.5 systém. Previously, it
was established [15] that the more homogcnéous the hole-density distribution along the ¢ axis is,
the better is the Hj;, characteristics. Thus the reason for superior Hy; properties with small r(REm)
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probably originate more homogeneous the hole-density distribution. The concept of hole-density

distribution for better H;, properties is shown in Fig. 3.3.4.-1-2.
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Fig. 3.3.4.-1-1 Hole concentration in the CuO, plane, p(Cu0Q,) as a function of #(RE"). The value of p(Cu0O,) was
calculated based on neutron diffraction data [51], and on BVS concept, i.e., Eqgs. (2.2.1.-3) and (2.2.1.-4).
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Fig. 3.3.4.-1-2 Schematic representation of the relationship between hole-density distribution and Hi,
characteristics for the CuBa,RECu,07_5 system.

3.3.4.-2 Hole Distribution in Multi-layered Copper Oxides

In the isovalent substituted CuBa,RECu;07.5 (Cu-1212), CuyBasRECu;0g+5 (Cu-2212)
(Cug.7sM0g25)St2RE3Cuz01145  [(Cu,Mo0)-1232]  high-T,  superconductors  with
fully-oxygenated states, it has been established that 7, values decrease as the ionic radius of RE

decreases in the CuBa,RECu;07.5 system [31,51], while the enhancements of 7, were

and
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demonstrated in the CuyBa,RECu;0s45 [52,53] and (Cug75M0g25)StoRE;CunO1145 [54] systems.
For CuBaRECu,07.5 the isovalent smaller-for-larger RE™ substitution is believed to induce a
transfer of holes from the CuO;_5 chain to the CuO, plane on the basis of Seebeck [55]/0 K-edge -
XANES [56] measurements and BVS data [50,IIV] as described above paragraphs. The
increase in the hole concentration in the CuO, plane suppresses the T, value [50,51,IL,IV]
because fully-oxygenated samples of the CuBa,RECu;07.5 phase are in a slightly overdoped
state [54]. Contrary, the r(REHI) dependence of T, in the CuBa;RECu;0515 and
(Cup.7sMo0g25)S1RE3Cuy01 145 phases may indicate that the substituting smaller RE for larger RE
makes the systems to be closer to the optimum states of hole amounts thereby the 7, values are
increased implying the underdoped states for fully-oxygenated CuyBaRECu;0345 and
(Cup.75Mo0g 25)S12RE3Cuy01 145 compounds.

The dependence of the Hj, fields on the amount of excess oxygen and the hole
distribution was investigated in the systematic series of Cu(Bag S12),YbCuy07.5 (Cu-1212:P),
CuBayCayCuzOg.s (Cu-1223:P), CuBa;CazCus0q1.5 (Cu-1234:P), HgBay,CayCu309.5
(Hg-1223:RS) and BiySrp(Ca;«Yx)CupOsss (Bi-2212:RS) phases [57]. It was found that the H;y
characteristics was shifted in a continuous manner to higher magnetic fields in accordance with
increasing oxygen content for the n = 2 to 4 members of the Cu-12(n-1)xn:P homologous series
and for the HgBa,CayCusO¢.s samples with various oxygen contents. The better Hiy
characteristics is realized for a sample with high doping level of the overall-hole concentration_
(Fig. 3.3.4.-2-1). This suggests there is no-overdoped region for the Hi, property. In the
Bi;Sry(CajxYx)CuzOsss system however, the oxygen content was slightly increased by
substituting traivalent-Y-for-divalent Ca, i.e., aliovalent substitution. 8 was increased due to
increases in the x concentration. Different from other systems, increases in x (0 < x < 0.5)
resulted in the depression of H;, values, though the oxygen content increased (0.25 <8 < 0.36) in
the series of BiySry(CajxYx)CuyOsgss samples. Furthermore, the wet-chemical redox analysis
clarified that the valences of both copper and bismuth decrease in proportion to the
Y-substitution level/oxygen content in this system and the valences of copper and bismuth would
have “positive” correlations in terms of the hole concentrations in the superconductive
Cu0,-(Ca;xYyx)-CuO, and non-superconductive SrO-BiyO,.5-SrO blocks, respectively. These
results clearly demonstrated that neither the oxygen content itself nor the thickness of the
charge-reservoir block (the non-superconductive blocking block was shrunk by increasing the
oxygen content) is the most important parameter for the magnetic-irreversibility lines. On the
other hand, the hole concentrations in the superconductive and non-superconductive blocks, i.e.,
the hole distribution in the crystal along the piling direction of different blocks, determines the
H;;; characteristics, primary. This is consistent with the reports that Mm2(n-1)n:P/RS compounds
exhibiting homogeneous hole distribution along the c-axis possess the superb Hi, characteristics
[15,25].

By considering these experimental facts and the behaviours of Tc-vs-r(REIII) mentioned
above, substituting smaller-sized RE for _léfger RE might generate enhanced Hj, fields in the
CuyBa,RECu,0g:5 and (Cug.7sMo0g25)ST2RE3Cuy01145 Systems because these systems are shifted
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from underdoped states toward to optimum states by the effect of isovalent substitution.
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Fig. 3.3.4.-2-1 H, characteristics for the systems, Cu(Bag gStg 1), YbCu,yO7.5, CuBa,CayCus Oy 5, HgBa;CayCusOg 5
and Bi,Sry(Cay Y, )CuyOg.5 with increasing oxygen content. The effect of excess oxygen in each system is indicated
by the two arrows. The increase in the oxygen content shifts the irreversibility-field lines to higher magnetic region
within the shaded areas for the systems in which the oxygen content is varied through post-annealing treatments, i.e.,
Cu(Baovgsrovz)szCU.zO%a, CllBazcazCllgOg.a and HgBa2Ca2Cu309_5. For the Bile‘g(Cal_xYx)Cuzog+5 system, the Hin'
characteristics are depressed with increasing oxygen content. In this system, the increase in the oxygen content is
realized by the Y™-for-Ca" isovalent substitution [57].

3.3.5. [Effects of Isovalent Substitutions in the Layered Superconductive
M A2001C O piza2nss [TV]

In the previous section, importance of the homogeneity of the hole distribution for the
superior Hy, characteristics was discussed in the CuBa;RECu,0.5 system. However, through out
studies on the effects of isovalent substitutions it was demonstrated that the homogeneous hole
distribution contributes enhancing the Hj, characteristics not only in the CuBa;RECuyO7.s
system but also in the layered superconductive M;,420u1CunOpigionss of M-m“P29m-1)n
crystal [IV].

The importance of the homogeneity of the hole distribution may also be revealed from
the data obtained for single-crystal (Hg,Pb)(Ba;4Sr)2CaCusOg:5 (0 < x < 0.75)
[(Hg,Pb)-1®*572(®)3] samples possessing 100-200 pm in size. The Sr content of the crystals
was found to be nominal Sr concentration for each sample from the analyses of inductively
coupled plasma (ICP) and energy-dispersive X-ray (EDX). Even though the crystals were too
small to determine accurate oxygen content by wet-chemical redox analysis methods, it was
found that the 7, values remained unchanged upon various post-annealings suggesting that for
each (Hg,Pb)(Ba;xSry)2CaCusOg:5 cation composition the amount of excess oxygen & is
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essentially constant. 70-100 crystals were utilized to measure the superconductivity
characteristics of the samples with a SQUID magnetometer having the c-axis of the crystal
parallel to the applied magnetic field. The Hi, lines for the Sr-substituted samples were superior
to that obtained for the non-substituted HgBa,Ca,;Cu3Og+s crystals, such that the higher the Sr
content is the higher is the Hj,line [58]. The enhancement in the irreversibility characteristics of
this system through Sr'-for-Ba'' substitution may be attributed to the overall increase in the hole
concentration and the improvement of the hole-distribution homogeneity in the superconductive
Cu0,-Ca-Cu0,-Ca-CuO, block: BVS calculation from the structural data obtained by four-circle
single-crystal X-ray diffraction analysis for the present (Hg,Pb)(Ba;.xSrx),CarCu3zOgss samples
[59] show that the hole concentration increases in both the inner [p(CuO;)inne] and outer
[p(CuO2)outer] CuO, planes in proportion to increase the Sr content, but p(CuOy)euter increase
more strongly.

Furthermore, the effects of isovalent substitution at 4 sites on the Hj, characteristics of
polycrystalline Cu(Baj.,Sty);YbCuy07.5 (0 <y < 0.4 ) samples were investigated [60,61].Based
on BVS calculations and measurements of O K-edge XANES spectroscopy it was revealed that
isovalent substitution of Ba" by a smaller St'' in this system results in an inter-block hole sift
from the (Ba,Sr)0-Cu0;.5-(Ba,Sr)O blocking block to the superconductive CuO,-RE-CuO; block.
The oxygen contents of the samples were fixed at & ~ 0.07, such that the overall hole-doping
level remained constant. Nevertheless, partial replacement of Ba by Sr was found to rather
suppress the values of Hi, [60,61] in the contrast to the (Hg,Pb)(Ba,Sr),Ca;Cu3Os+s system. The
suppression of Hj, values is believed to be due to the fact that Sr-substitution breaks the
charge-reservoir copper-oxygen chains by promoting the charge-reservoir oxygen to partly
occupy the g-axis site instead of the characteristics b-axis site. Owing to the shift of part of the
b-axis oxygen atoms to the g-axis site the copper-oxygen chains are broken and also some of the
Cu atoms in the chains get extra O atoms into the coordination polyhedron. These changes are
believed to result in a decrease in the number of mobile holes in the charge-reservoir block, thus
providing a possible explanation for the suppression of Hi, characteristics in the
Cu(Bay.,Sty), YbCuy0O7.5 system with increasing Sr content. The suppression of superconductivity
characteristics derived from breakage of the charge-reservoir copper-oxygen chains by means of
isovalent substitution of Ba" by Sr' was also observed in a series of samples of the
Cu(Bayi.ySty)2 YCu07.5 (0 < y < 1) by other group [62]. In this system, it was found that the Sr
substitution induces a displacement & of O atom in the a-axis site from the b-axis. This
displacement was mainly attributed to the size difference of Sr and Ba. Furthermore, according
to the BVS calculations the Sr substitution released the stress of the Ba/Sr-O layers and this
relaxation prevent the charge transfer from the Cu in the chain site of the charge-reservoir
copper-oxygen chains to the Cu in the CuO, planes. Therefore, it was suggested that the stress of
the Ba layer plays an important role in the charge transfer. This model is based on the assumption -
that the hole concentration on the CuO; planes is the dominant factor for the determination of 7
value. The authors concluded that this reduétion of charge transfer is the origins of the decrease
of T, values as a function of Sr concentration. '
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From studies on the effects of isovalent substitutions at Q and A sites on the
superconductivity properties of polycrystalline CuBaRECu,07.5, Cu(Ba,Sr),YbCuy0O7.5 and
further Cu(Ba,Sr),YCu,07.5 systems it is thus clear that the superconductivity characteristics of
the Cu-1212 phase is not-at least primarily-controlled by the lattice dimension only.
Isovalent-cation substitutions are effective in order to realize the homogeneity of the hole
distribution, which is advantageous in terms of enhancing the Hi, characteristics in the layered

superconductive M,,A>On.1CunO4n1s.

3.4. Conclusion

In conclusion of this chapter, the isovalent-cation effect on the Hi, characteristics in
CuBa,RECu;07.5 (6.91 < 7-8 < 6.94; except for the sample with RE = Gd) was systematically
studied [ILIII] in terms of the RE ionic radius using samples with RE = Eu, Gd, Y, Yo4Ybos,
Yo,2Ybos, Yb, Yo.1sLuo.g2, YbooLug 1, YbggLlugo, YbosLug3 and Ybgglug4. The H,, characteristics
was clearly enhanced in a monotonic way in proportion to decrease FRE™). For the
CuBay(Yby ¢Lug4)CuyOg92 sample with the smallest RE constituent among the samples prepared
in the present work, a record-high Hy, value of ~9.0 T was obtained at 77 K. This is the highest
H, value ever repofted for the CuBayRECu,07.5 phase freed from extrinsic origins of better Hi;,
value at 77 K. The superb Hj, characteristics of the present CuBay(Yby¢Lug4)CuyOg9, sample
was derived from size-only-dependent effect of cation substitution at the RE site. Through a
study of isovalent-RE effects in this system, it was found that the size of RE was a crucial factor
for the Hi, properties. Namely, the same ionic radius of RE constituent for both mono-RE and
solid-solution-RE system exhibited the same Hj, values at the same temperature and the same
Hi,; characteristics.

The hole doping-route scheme based on the BVS concept has been demonstrated to be
extremely valuable in both understanding the relationship between the local atomic arrangement
and the macroscopic properties of high-T, superconductivity and tailoring the multi-layered
copper oxides from the view point of materials chemistry. The result obtained in this work is also
possible to explain by hole-doping route T1(3) [63]. Hole-doping route I1(3) functions only when
changes of effective cation-anion length are focused at the O-cation layer. In Fig. 3.4.-1, the data
calculated for the oxygen-deficient CuBay(RE|«Cay)CuyO7.5 phase (8 =~ 1) is presented [63]:
partial substitution of trivalent RE by divalent Ca introduces holes into the CuO; plane by
increasing the effective distance, i.e. (d;— Ro,-j) value of the O-(RE,Ca) bond according to route
T1(3). Considering obtained results from the BVS calculation and XANES measurements in the
present study, hole-doping route II(3) might be the same mechanism as this work, i.e. the
mechanism of RE-size effect on the Hj, characteristics. These introduced holes around the CuO,
plane by route IT1(3) might be drifted from the holes in the CuO;; chain to the CuO, planes
retaining the total amount of holes. In othef words, with decreasing the size of RE, holés in the
Cu01-5 chain would be moved towards CuO, plane by route I1(3) thus hole-density distribution
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in the CuO1.5 chain and CuO; plane changes to become more homogeneous over the crystal.

-0 0.05 0l 018 0.2
Fig. 3.4.-1 Function of the different hole-doping routes, I1(1)p, II(2)p and II(3)p with substitution of the Q-site Y™

by Ca in the CuBa,(YxCa,)Cuy0¢ 04 phase. The contributions from the hole-doping routes are standardized against
a sample with x = 0 [63].

For CuBaZRECu207.5 with large RE’s, the difference in the hole density between the
CuO; plane and the CuOj5 chain is quite large [50], i.e. less homogeneous distribution of holes.
The hole distribution along the ¢ axis is considered to become more homogeneous with smaller
*(RE™) in the CuBa,RECu,07.5 system. It has been established [15] that the more homogeneous
the hole-density distribution along the ¢ axis is, the better is the H;, characteristics. Therefore, it
was considered that the smaller sized RE induced more homogeneous hole-density distribution
along the ¢ axis by route I1(3) and thus the Hj, characteristics was enhanced as schematically
shown in Fig. 3.3.4.-2.

From the material designing and tailoring points of view, the multi-layered
copper-oxide structures the more homogeneous the hole distribution is along the piling direction
of different blocks, the more enhanced is the Hj, characteristics, while the opposite is believed to
apply in terms of increasing the value of 7. In order to make clearer this concept, further study
on the “quantitative” evaluation of hole distribution by means of O K-edge XANES
measurements is an important challenge for further works. Moreover, an evaluation of “active”
hole density, i.e., hole density presiding over the superconductive properties, is one of the final

aims in terms of research topic in high- 7% superconductive materials.
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4. CONTROL OF VALENCE MIXING IN 4,FeMo00Qsg.,,

4.1. Introduction
4.1.1.  B-site Ordered Double Perovskites

Research on double-perovskite compounds with the chemical formula of 4,B°B” O
(A= alkaline earth element, B’, B” = transition metal element) was initiated in the early 1950s
[1-3] and expanded in the late 1950s [4,5]. From the late 1950s to the middle of 1970s many of
the double perovskites were discovered and studied. The widest variation of double-perovskite
compounds is possible when the B’ and B” cations have an average valence of four. Many
compounds have been synthesized corresponding to the formulas, AHzB’IB”VHO6, A”zB’“B”VIOé
and 4",B°""B”VO, [6].

There are three B’/B” sublattice types known for double perovskites: random, rock salt
and layered as shown in Fig. 4.1.1.-1. The latter two sublattice structures are ordered
arrangements. In general, if the charge difference between the B’ and B” cations is greater than
two, complete ordering of these cations is observed. Therefore, the 4">B’'B”Y"0s and
A%B"B*V104 compounds have shown complete ordering of the B’/B’ cations, whereas the
A%LB B>V Compounds have shown various degrees of order of B’/B” cations. The actual
degree of order of B’/B” cations depends both on synthesis conditions and the particular 4, B

and B” cation species [7].

Fig. 4.1.1.-1 Typical sublattice types: (a) random, (b) rock-salt and (c) layered arrangements of B cations. (b) and
(c) represent ordered structures.

99

In general, four factors control the B’/B” arrangements in 4,B’B”Og: difference in
charge, ionic radius, atomic position and the ratio of A/B size, i.e., the tolerance parameter.
Among these factors, it is known that the difference in charge is the most influential parameter
[1]. In order to quantify the effect of size and charge on sublattice type, many of the literature on
A,B’B”O¢ perovskites was reviewed [e.g., 2,8,9] and a plot of B’/B” charge difference versus
B’/B” ionic radius difference was concluded [1], see Fig. 4.1.1.-2. As Fig. 4.1.1.-2 shows, the

cation arrangement on the B’/B” sublattice of a stoichiometric double perovskite is controlled
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primarily by the charge difference and secondarily by the size difference of the B’/B” cations.
The figure clearly reveals that the rock-salt arrangement is dominant when the charge difference
of B’/B” is greater than two, and the random arrangement is dominant when the charge
difference is less than two.
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Fig. 4.1.1.-2 Differences of charge versus ionic radius of B’/B” cations for the 4,B8’B” Oy perovskites [1].

Ionic radius differences, electronic configuration differences and other aspects of
crystal chemistry such as 4/B size ratio also affect the sublattice type. As shown in Fig. 4.1.1.-3,
the 1onic radius difference between B’ and B” affects the B’/B” arrangement and phase stability.
With the exception of La;CuMnOg, the random arrangement is observed when the difference in
the size of the B’/B”, i.e., [r(B”")-r(Cu")] where B’ is Cu" and B’ represents various cation
constituents with the valence value of IV, is less than 0.01 A (Ln,CuTiOg, Ln = from La to Gd
and Ln,CuMnOg, Ln = from Nd to Tm). The rock-salt arrangement is obtained when the size of
B” is greater than 0.01 A but less than 0.08 A larger than copper (Ln,CulrOg, Ln = from La to
Nd). The layered arrangement is observed when the B” ion is greater than 0.08 A but less than
0.12 A larger than copper (La;CuSnOg). The tolerance factor also affects the B’/B” sublattice
type, phase stability, crystal system, structure type and the degree of isotropic compression of the
B’/B”-0 bonds. As the lanthanide ionic radius decreases for any Ln,CuB” Qg series, the tolerance
factor decreases. As the tolerance factor decreases, the limit of the stability field is reached and a
mixture of phases or conversion to a non-perovskite structure appears. The perovskite-stability
field is indicated by a dashed line in Fig. 4.1.1.-3. With increasing the difference of ionic radius of
B/B”, ie., [H(B”™)-+(Cu")], the stability field is reached at larger and larger values of the
tolerance factor. This reflects the coupling of the increased two-dimensional B’/B” mismatch

with the three-dimensional 4/B size mismatch [1].

64



Loz 4 B = Ge Mn TE tr 5o Zr Ph
: 0.53 0.60 0.63 0.69 0.72 0.78
1.00 - la &
Soon - la O
Hg A a
_,.(:; A La
(]
£ 0.96 - gmg Lo
° m i#Ce *La
O Fuo Nd o H
£0.94 - GdO smo AN . : #La
E g Th O Eu O 1#5m
Ny O wuoog *Nd
=002 - i 0 Gdo i*EBu ‘
2 Er O YRy TG
= Tmo D .
0.90 VYL # Ho # Dy
v Lu # ' + Ho
' m
H b AONAL ordered, rock sall
0.80 - : u Ly ordeved, lnyered
: JD random, GdFeO; type
; random, YMnG, type
0.0 I dedee miglure of phases
.U"lfivllllljll!r‘r'lvl LA S A S N A BN B S N R S A |

-0.15  ~0.10 =0.05  0.00 0.05% 0.10 015 0,20
lonic Radius Difference @ ™-rcu"y

Fig. 4.1.1.-3 B-cation sublattice type for Ln,CuB” Qs as a function of tolerance factors and differences of ionic
radius of B-cations [1].

Over three hundred B-site ordered double-perovskite compounds were synthesized
from about 1950 to the present in total [1] and revealed that their physical properties are
surprisingly ~ various and complicated. For examples, this system exhibits
magnetism/non-magnetism, conductivity/non-conductivity and shows various values of magnetic
transition temperatures. Origins of these complicated properties are still open questions. Even
categorizations of the physical properties in terms of the composition has not been established
yet.

4.1.2. Magnetoresistivity and Halfmetallicity in 4,FeMo0Oy.,,

Halfmetallic compounds, i.e., compounds with only one spin direction present at the
Fermi level (EF), are interesting for their potential applications at room temperature in spin
electronics [10], i.e., “spintronics”, such as magnetic storage devices. These devices utilize
low-field switching of the magnetization of adjacent decoupled ferromagnetic regions which are
separated by barrier. Electrons may pass without losing their spin polarization across the barrier.
Planar tunnel junctions with an insulating barrier [11,12], polycrystalline material with grain
boundaries [11,13] and pressed powder with interparticulate contacts [11,14] are examples of
device applications.

In the Ln;44’MnO; manganites and Sr,FeMoOg double perovskite, these compounds
show two kinds of magnetoresistivity (MR) behaviour [15] originating from different

mechanisms, i.e., intrinsic intragrain-MR which can be observed in the vicinity of T¢ and
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extrinsic intergrain-MR (IMR) occurring below 7¢. For the double-perovskite SroFeMoOg and its
related compounds, the tunneling across a barrier, i.e., a grain boundary, of the spin-polarized
carriers is the very root of MR property. Even in low magnetic fields, the MR characteristics are
seen in this system. Domain structures of typical polycrystalline sample are schematically shown
in Fig. 4.1.2.-1.

Fig. 4.1.2.-1 Schematic domain structures of polycrystalline sample.

A direction of magnetization in each grain is random without external field resulting in
electrons with up spins and/or down spins are scattered at the grain boundary. However, low
magnetic field value is possible to control the relative angle of magnetization of grains. Thereby
the tunneling between two adjacent grains through a grain boundary would be probable when the
canting angle of magnetization is relatively small [15-19] inducing the magnitude of resistivity
among adjacent grains would be decreased. This is so-called “tunneling magnetoresistivity
(TMR)” thereby IMR and TMR are regarded as the same process and this mechanism is believed
to be origins of negative MR in this system. Henceforth in order to denote the intergrain-MR
process, “TMR?” is utilized in this thesis. Single-crystal thin film of (001)-oriented SroFeMoOsg
have been epitaxially deposited to measure the grain-boundary resistance by utilizing a
Wheatstone bridge [20]. The investigation found that only a high-field, weak MR, was observed
through a bicrystal boundary demonstrating the low-field TMR observed below 7¢ in
polycrystalline Srp)FeMoOQg is primarily due to spin-dependent transfer across grain boundaries
and not to an intragranular effect. This tunneling-current phenomenon is due to highly spin
polarized carriers [e.g.,21], i.e., the highly polarized itinerant electrons, in 4,FeMoOg materials.
Since the o electron of Mo is expected to hop freely on one of the three half-filled lhg orbitals

of neighbouring Fe'

, the high spin polarization of the carriers are also assumed in this system
[15]. Actually, a large TMR value at room temperature of ~5 % under ~1 T [17,21] in
Sr)FeMoOg has been reported. Hall coefficient measurements were carried out on SrFeMoOg
and Ca;FeMoQg at 100 K [22] and the obtained result, especially for Ca;FeMoOs, found that the
carrier concentration is quite different from those of manganite compounds which show MR
properties [22,23]. This study suggests that the carrier concentration, and further, the influences
of carrier on the material might be different from that of manganite oxides with MR properties.
Also, the MR effect in Sr,FeMoOg represents positive in epitaxial films of Sr,FeMoOs, while the
polycrystalline samples show a negative effect [16]. This kind of “sample-state-dependence of
MR?”, i.e., changes in positive to negative MR due to the sample state, has not been reported in
the manganite system.
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Recently, there has been intense researches related to doped manganites, sparked by the
observation of a drastic decrease in resistance in such samples on the application of an external
magnetic field. This negative MR effect is now well known as the CMR effect. A huge CMR
property has been observed mostly in La;.,CayMnOs and related compounds. However, there are
two fundamental issues for widespread technological use of CMR manganite oxides. These are
the low temperature and the high magnetic field required to obtain an appreciable negative MR
response from these manganites. Since the CMR effect is the most significant close to the
magnetic ordering temperature, there has been many studies for compounds with magnetic
ordering temperature higher than the 7¢ (200 ~ 350 K) in manganites [24] but it was revealed
that Curie temperatures of mixed-valence manganites of the type Ln;.x4xMnO; can not be
increased above 400 K by applying any manipulation of the composition or stoichiometry [25].
Thus, it is questionable whether these compounds would be useful for the industrial applications.
In this sense, oxides with high spin-polarization, high Curie temperature and exhibiting MR
effect at low external fields are desirable [26].

In the B-site ordered double perovskites, the combination of B’ of 3d element and B of
4d or 5d element makes it easy to synthesize well ordered compounds because of large
difference in the atomic radius between B’ and B> [27-29]. In the 1960s, Galasso et al. [27]
studied some compounds of the type 4,FeMoQg and reported that all the 4,FeMoOg members
such as BazFeMoOg, Sr,FeMoQg and CaFeMoOg show high T¢ values as well as a maximum
value of T¢ for A = Sr (Tc~ 420 K). Based on this former study of 4,FeMoOsg, the iron based
B-site ordered double perovskites have attracted a great deal of attention again with expectation
of showing appreciable MR effect at room temperature. In 1998, it was reported that Sr,FeMoOg
[17] has a T¢ of about 415 K and exhibits a pronounced negative MR at lower magnetic fields
and higher temperatures compared to the doped manganites [24]. After this re-highlightment of
the Sr,FeMoOg compound, a huge number of studies related to iron based B-site ordered double
perovskites were followed.

One of the theoretical researches established that the magnetic and MR properties of
A>,B’MoOg and 4;B’ReQOg double-perovskite compounds stem from an outstanding electronic
structure where the itinerant electrons of Mo" (4d': tzgl)/Rev(SdZ: tzgz) and localized electrons of
Fe'' (34°: t2g3eg2) are antiferromagnetically coupled to give rise to a halfmetallic ground state
with a high degree of spin polarization at Er [17,19]. Although a correlation between
halfmetallicity and TMR property has not been established yet, halfmetallicity is a favorable
feature for TMR effect. If a material has high T¢ value and is halfmetallic, it may exhibit MR
effect even at room temperature. Therefore, the driving interest in the investigation of
Sr,FeMoQg-type compounds derives from the fact that their high 7¢c values and high degree of
spin-polarization promising candidates for applications as magnetoresistive materials and in
devices. |

It was found that a large low-field MR has been observed in polycrystalline samples
with the B’/B” elements being not only Fe/Mo but also Fe/Re [19,21,30] and Cr/W [31]. Besides,
the oxygen-deficient LnBaCo,0s.5 ordered perovskite shows superb MR properties [15]. '
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4.1.3.  Unique Physical Properties in A,FeMoQg.,,

1 Only a very few of materials exhibit both metallicity and magnetism in the 4,B8’B”Qg
double perovskites [32]. In early investigations, it was concluded that 4,FeMoQg [28] and
A>FeReOg [29] are the only ordered perovskites which show metallic conductivity. Later on, a
study of thermoelectric power found that the metallicity of (Sr;xCax),FeMoOg compounds
deriving from Sr;FeMoOg would be n-type [33]. It was attributed the origin of metallic
behaviour in 4,FeMoQg to a valence degeneracy, i.e., the overlapping of Fe 3d tyzand Mo 4d t,
orbitals such as Fe'-Mo" and Fe"-Mo"' [29]. The overlapping of these orbitals inducing the
electron transfer from Fe" to Mo"", rather than changes in the band width [34] would be a
dominating factor for the conductivity in this system. The double-exchange interaction is
regarded as an explanation for the metallicity of this system [35] and results of band-structure
calculations predicted the metallicity, also [36]. In order to clarify the origin of metallicity in the
A;FeMoQg system from a different standpoint, the p-T measurements on the Srp(Fe;.,Mn,;)MoOg
melted-grown crystals with nearly the stoichiometric oxygen content were carried out. The
measurements revealed that the magnitude of p gradually increased as z increases, i.e., as the Mo
4d-electron number decreases, and a metal-insulator transition occurred at z = 0.2. Since this
metal-insulator behaviour correlated with the magnetic properties of Sro(Fe;..Mn,)MoOg, it
might be summarized that the Mo 4d-carriers are responsible for both the magnetic and transport
properties in the 4,FeMoQg material [37].

The most unexpected physical properties of 4,FeMoOg system is an outstanding high
magnetic transition temperature. It is because the magnetic Fe'" ions locate far apart each other
which suggest a weak magnetic interaction in this compound. Generally, a high 7¢ values
originated from a weak magnetic interactions is unusual and compounds with interactions
between 34 jons mediated via different nonmagnetic species tend to be antiferromagnets due to
the superexchange mechanism. The closely related antiferromagnetic Sr;FeWOg system with Ty
~ 37 K [24,38] is one of the examples of this generalization. Besides, the Weiss constant 6 was
found to change from 0 < T to 6 > T¢ with applying field in the (Sr;xCax),FeMoOg system [33].
The value of 0 is larger than that of 7¢ in the ferromagnetic compounds, whereas a 6 < 0 is
normally found in a ferrimagnet. Varying a 6 value with applying H is unprecedented, so far.
Therefore, these backgrounds might imply novel and unique origins of magnetism in the
AFeMoOg compounds [24].

4.1.4. Open Issues in 4;FeMo00Og.;,

In the perovskite mixed valent manganites, it is believed that the double exchange
mechanism in the presence of strong electron-phonon couplings arising from Jahn-Teller
distortion is responsible for the CMR propérties [39]. On the other hand, in the contrast to the
manganites, it is more important to note that there is not any Jahn-Teller distortion and lattice
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does not play any significant role in the Sr,FeMoOg compound. Furthermore, the system is a
cation-stoichiometric one in contrast to the manganites. Therefore, Sr,FeMoOg is in principle a
simpler system than AMnOs. In spite of this apparent simplicity, there are surprisingly many
open issues concerning the basic electronic and magnetic structures of this compound.

Among the ferromagnet halfmetallic compounds the best known materials are the
mixed-valence manganites, i.e., (RE).x4x)MnQOs. Characteristics of ferromagnets in this system
are observed when x = 0.3 [40,41]. CrO; is also the representative ferromagntic metal at room
temperature [40,42]. In contrast to these examples, there has been an intense search for issue
whether SroFeMoOg and its related compounds are ferromagnets or ferrimagnets but a sufficient
conclusion in this matter has not been obtained, yet. In the earliest proposed model for the
magnetic structure of Sr,FeMoOg consisting of nominally Fe" (34°, S = 5/2) and Mo" (4d', S =
1/2), the magnetic moments were considered to be ordered parallel inducing a ferromagnetic
structure in which the moment of Mo" is subtracted from that of Fe'. Since the expected
magnetic moments are approximately 5 pg for Fe'" and 1 ug for Mo", respectively, the saturated
net magnetic moment of less than 4 pg usually observed from the M-H measurement at the
highest external field implied a ferrimagnetic ordering model [43]. This ferrimagnetic modeling
was reported by Nakayama ef al. in1968 [44] based on neutron diffraction data. Such a

ferrimagnetic model was attributed to Fe'

il

magnetic moments antiferromagnetically coupled
with Mo" spins. Fe'"" forms the high-spin state splitting the d orbitals into spin-up and spin-down
states. The empty spin-down states (n*-B) of Fe™' degenerate to the one electron occupied
spin-down states (1*-p) of Mo" which may lead to the formation of a narrow band. The electrons
in this band have their spins antiparallel to the localized spins in the spin-up states (c*-o. and
m*-a) of Fe'" [29,45]. However, these initial suggestions [17] of the ferrimagnetic arrangement
model was claimed to be doubtful [46] from the later neutron investigations. It was because no
magnetic moment could be observed on the Mo sites [46]. Nevertheless, a subsequent study
reported the existence of the magnetic moment of 1 pug on the Mo site [47]. Not only neutron
studies but also recent investigations applying many experimental techniques lead various
conclusions in terms of ferromagnetic/ferrimagnetic issue in this compound. The critical
behaviour of Sr,FeMoOg was searched through measurements of the magnetization,
susceptibility and temperature derivative of the resistivity by Yanagihara et al. [36]. They found
that this material belongs to three-dimensional Heisenberg ferromagnet such as Ni or Fe, rather
than a typical ferrimagnet [36,48,49]. The ferromagnetic modeling was also supposed by an ESR
study [50] suggesting an origin of the ferromagnetic ordering is derived from a double
exchange-like interaction as in the CMR manganites. Against these considerations, quite new
theory has been reported. Resultants of x-ray magnetic circular dichroism (XMCD) which
detects the magnetic moments at the Mo site as well as at the Fe and O sites directly, clarified
[51] that the dichroic signal of XMCD spectra at the Mo 3p edge was negligible indicating the
magnetic moment at the Mo sites was below the detection limit. This study also demonstrated
that the delocalized states are not solely Mo 4d derived states but a substantial admixture of O 2p
states. On the basis of experimental facts in this research, the delocalized electron spin density
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coupling antiferromagnetically to the localized Fe spins was concluded to delocalize over several
sites including the neighbouring FeOg octahedra. This indicates a novel origin of magnetism
[24,52] which is different from the conventional double-exchange mechanism. Namely, the
localized Fe S = 5/2 state couples antiferromagnetically with the spin density of delocalized S =
1/2 state to form S = 2 state. A series of these investigations indicates that the identification of
ferromagnetism/ferrimagnetism of this compound is extremely complicated and is still open
question.

Even though arguments about the ferromagnetic/ferrimagnetic states are under the
discussion and magnetization measurements have not so far been able to provide conclusive
evidence of this problem [53] in the AyFeMoOg, the isovalent substitution at 4 site in this system
might generate an influence not only on the M-T and M-H properties (which are described in the
following section) but also on the ferromagnetic/ferrimagnetic state. From studies of neutron
powder diffraction [26], the magnetic moment in BayFeMoOg amounted to ppe = 4.06(9) pa,
whereas no magnetic moment was detected on the Mo site within the experimental error, i.e., fmo
= -0.1(1) pg. In the case of BaSrFeMoOg possessing a cubic structure, the values of magnetic
moment were determined as pr. = 4.32(8) up and ppo = 0.06(10) up. CaFeMoOgs showed
different magnetic structure from that of BayFeMoOg and BaSrFeMoOg cubic compounds since a
significant moment was refined on the Mo site orienting antiparallel to the Fe moments, i.e., the
moment amounted to pre=3.91 (7) ppand pvo = -0.7(3) us at 2 K. These moment values are in
agreement with refinement results obtained from other group [22] in this compound revealing a
small ordered magnetic moment on the Mo site of p, = -0.76 + 0.06 pB antiferromagnetically
coupled with the Fe magnetic moments (pup. =3.2(1) pg) at 2 K resulting in a ferrimagnetic
configuration. In the case of Sr,FeMoOg, the magnetic structure was refined as pre = 3.72(6) ug
and pmvo = -0.54(7) ug, respectively [26] thus it would be possible to consider that this tetragonal
compound possesses intermediate characteristics of magnetism between that of cubic and
monoclinic compounds.

4.2.  Experimental Procedure

Many of the perovskite-type oxides can be synthesized through a high-temperature
solid-state reaction between binary oxide powders which are stable in air. However, it is often
advantageous to choose carbonates and nitrates, efc., instead of the oxides as starting materials, if
they can be obtained in smaller particle sizes to insure quicker reactions or if they are much purer.
On the other hand, some of the perovskite-type compounds can only be obtained applying
special synthesis techniques. Fresia et al. [54] found that in the preparation of the provskite
compounds with the general formula A,B""WOg4 where 4 is Ba or Sr and B’ is Fe, Co, Ni or Zn,
alkaline earth tungstates always could be detected in the final products. Similar results have been
observed for molybdenum compounds. _Régrinding and refiring of samples often enable us
reduce the amount of tungstates or molybdates present in the products but each compound has to
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be treated as a separate case for which the best sintering temperature and sintering time must be
determined.

In synthesizing perovskites containing Fe" and Co" the valence state is retained by
sintering the sample in an evacuated sealed silica/quartz capsule or in a non-oxidizing
atmosphere. Divalent Fe or Cr ions can be obtained in a compound by the mixtures of equal
amounts of metallic Fe and Fe;O3 or Cr and Cr,03, respectively with the other oxide constituents.
For example, Galasso et al. [54] prepared Ba,Fel') ¢6Ta1 3405 by means of mix the reactants
according to the reaction:

BaO + 1/9 Fe,O3 + 1/9 Fe + 1/3 TayOs — BayFeg ¢6Ta1 340s. (4.2.-1)

compressing the sample and sintering it at 1000 °C for 24 hours in an evacuated sealed silica
capsule. Furthermore, Patterson ef al. [54] demonstrated that they could prepare the 428" WO
and 4,8°MoQOg compounds with a mixture of the metal trioxides and the metals as starting
materials in order to obtain pentavalent tungsten and pentavalent molybdenum, respectively.

For the synthesis of the B-site ordered double-perovskite samples a reduced oxygen
partial pressure in the range of about 10°% ~ 10> atm at 1200 °C were required in order to
obtain these phases [55]. In an encapsulation synthesis technique with a metallic oxygen-getter,
(it is possible to cohtrol oxygen-partial pressure by varying the gefter of oxygen component or
sintering temperature. The oxygen-partial pressure is calculated from the standard-free energy
for the oxidation reaction of the metal species. Thus, the mixtures of sample powders were
sintered together with Fe grains at 1150 °C. Under these conditions the oxygen partial pressure is
expected to be appropriate for the synthesis of B-site ordered double-perovskites. Therefore, an
oxygen-getter-controlled low-O,-pressure encapsulation technique [56] was applied for the
synthesis of B-site ordered double-perovskites, in this study.

A series of A;FeMoOsg., samples with 4 = Ba, BaggSrg, BagsSrgs, BagaSros, St,
CagySrog, CaggSrgn and Ca, was prepared by means of an oxygen-getter-controlled
low-O,-pressure encapsulation technique [56] from stoichiometric mixtures of high-purity (99.9
- 99.99 %) powders of ACO3 (4 = Ba, Sr and Ca, Fe;03 and MoOs;. The powder mixtures were
calcined in air at 900 °C for 15 hours in order to remove the carbonate included in the starting
materials. Then the calcined powders were pelletized and sintered in an evacuated and sealed
fused-quartz ampoule that contained the sample pellets together with fine Fe grains (99.9 % up).
The Fe grains absorb the oxygen evolved from the samples during the sintering, i.e., Fe act as a
getter for oxygen. The empty space inside the ampoule was filled with a fused-quartz rod in
order to create a more homogeneous atmosphere in the ampoule. Each sample was fired at 1150
°C for 50 hours. Under these conditions the oxygen partial pressure is expected to equilibrate at
2.6 x10 atm due to the redox couple of Fe/FeO [57]. After synthesis the ampoule was
quenched onto a thick Cu plate immediately from the synthesis temperature.

» Additionally, for the >’Fe Mossbauer measurements four samples with the A-site
composition of 4 = Sr, Cag25Sr0.75, CasSro.s and Cag 7581925 were synthesized in Taiwan using a
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flowing H»/N, gas technique [45]. For these samples, the final sintering was carried out in a 5 %
H/N, gas mixture in order to crate a reduction atmosphere at 1000 °C for 26 hours and then 12
hours after an intermediate grinding. This technique is one of the common synthesis methods
employed for Sr,FeMoOg system and related compounds. Employment of these two different
techniques enable us to compare the dependence of the valence of iron and the
electrical-magnetic characteristics on the synthesis method. -

The magnetic properties of a sires of 4,FeMoOg.,, samples are studied by measuring
M-H with various temperatures and M-T at fixed H. The saturation magnetization (Ms) value of
the compound was determined by extrapolating the obtained M value at H =5 T that satisfies the
magnetic saturation of this system to the H = 0 T level from the resultant of M-H plots. In the
magnetization measurements, the sample amount was kept relatively large and essentially
constant, i.e. at 30 + 10 mg for double-perovskite compounds, in order to obtain sufficient
magnetization signal.

Particularly, a condition of grains, i.e., whether the sample grains are melt-grown or not,
influences the electrical transport properties. Since the melt-grown particles affect the distance of
electron tunneling, the observation of grains of A,FeMoOg.,, samples with MR properties
induced by the tunneling magnetoresistance is required. For this compound, the grain size is also
important since each particle possesses magnetic boundary. The boundary acts as a batrier of the
tunneling of electrons. To confirm the particle size and to check whether the sample grains are
melt-grown or not, the field-emission scanning electron micrographs (SEM; Hitachi FE-SEM
S-45500) with EDS were taken for the 4,FeMoQg.,, samples at an accelerated voltage of 15 kV.

Statistical evaluation, i.e., Plani-metric method, was applied for the estimation of the
grain size for the double-perovskite compound because of non-anisotropy of the grain shape. In
the Plani-metric method, the analyzed circle area (area 4) was determined on the printed grain
image photograph and the amount of grain in the circle (n.) and on the circle (n;) was counted,
respectively. The amount of grain in a unit area (Ng) was calculated as

n,+0.5n;
G~« A

m (4.2.-2)

where m represents magnification. Therefore, the average grain size dye is determined as

following formula:

J = 2
ave, — { +1 /2
(mNg)"” (42.-3)

The grain size of each sample was confirmed to lie in a narrow range of 2 to 6 pum for
A,FeMo0gs.,, samples. ‘ '
For the magnetic compounds the microstructures related to magnetism, i.e., magnetic
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boundaries/domains, are crucial crystallographic parameters for the physical properties. Thus,
the direct observation of magnetic boundaries/domains and revealing the correlation between
magnetic structures and antiphase boundaries (APBs) are interesting research topics.

The magnetic boundaries/domains and APB for fundamental compound, ie.,
Sr)FeMoQOg sample, was observed by means of Lorentz TEM (HITACHI HF-3000) at an
accelerating voltage of 300 kV in National Institute for Materials Science (NIMS) in Tsukuba,
Japan. The magnetic structures were observed in the Lorentz mode without an external field
meanwhile the APB was observed in the dark-field mode. For the observation, sample was made
into thin film by means of ion milling technique.

42.1. Determination of Valence of Iron

Robin and Day have divided mixed-valence compounds such as these into three
different classes, i.e., class I, class II and class III [58]. Class I categorized compounds are
localized and have a very large barrier to electron transfer between the different valences with a
gradual rate of transfer. Compounds with a feature of class III are delocalized with no barrier to
electron transfer and ultrafast rates, while class II compounds possess properties intermediate
those of class I and III. The first case is that only one element takes some valence states in
relation to the element of the same kind. This is observed in A4-site ordered double perovskites,
e.g., BaSm(Cug s+xFep 5x)Os+5 [59]. In this case, Fe takes two different valence states. The class
III is that the mixed-valence state is taken in between the different kind of elements, e.g., B-site
ordered perovskite compounds such as Sr,FeMoQg [60]. For instance, the valence of Fe can be
taken Fe™™ (and Mo""") state and the other is Fe" and Mo".

-
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Fig. 4.2.1.-1 Typical examples of the class I (left) and class III (right) mixed-valence state for the A-site ordered
double-perovskite YBaFe,0s. Below the Verway transition temperature, Fe takes two different valence states, i.e.,
Fe! and Fe", exhibiting a feature of the class II mixed-valence state. On the other hand, Fe possesses Fe*** (or
Fe'"™) above the Verway temperature resulting in class Il mixed valency. The mixed valence transition is induced at
Verway temperature in this compound.

There are several methods to evaluate the valence value of Fe for 4,FeMoQOg samples,

e.g., BVS calculation from neutron powder diffraction (NPD) data [61], the measurements of

XANES spectroscopy [VI], photoemission speciroscopy (PES) [62] and ’Fe Mossbauer
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spectroscopy [60] efc. So far, the mixed-valency of Fe in the Sr,FeMoOg has been accepted in
*TFe Mossbauer studies [43,63], though trivalent interpretations has been reported as well [64].
Furthermore, study of the Fe L, 3-edge XANES spectra for Sr,FeMoOg have been proposed both
Fe''[51,65] and Fe"™ [62]. In terms of Mo, a mixed-valence state, Mo"'"" [66] was suggested by
a NMR study. Based on these various experimental facts in terms of valence states of Fe/Mo, the
valence distribution of Fe/Mo should be clarified. Using a series of samples of the 4,FeMoQs.,,
system we are able to know the influence of r(A") on the Fe valence (V7.), and further, are able to
evaluate the charge distribution of B’/B”-sites that might be the most dominant factor for the
physical properties of this compound.

In this study, two techniques were employed for the confirmation of the valence of Fe

for a series of 4,FeMoOQg.,, sample, i.e., the measurements of STFe Mossbauer spectroscopy and
Fe K- and L, 3-edge XANES.

4.2.1.-1 YFe Mossbauer Measurement

The *"Fe Mbssbauer spectra of the A>FeMoOsg., samples were recorded at 77 K in
transmission geometry. The absorbers were made by spreading the sample materials mixed with
epoxy resin evenly on an Al foil. A linear Doppler velocity sweeping from —11.15 to 11.15 mm/s
was used. A Cyclotron Company *'Co:Rh (25mCi, January 2002) source was used for producing
the 14.4 KeV Mossbauer y quanta. For the fit of the obtained data the following hyperfine
parameters were applied: the internal magnetic field experienced by the Fe nucleus (B), the
chemical isomer shift relative to a-Fe (8), the quadrupole coupling constant (eQV,,), the
resonance line width (I'), and the relative intensity of the component (/) [60]. The full
Hamiltonian of combined electric and magnetic interaction was used to fit the spectra by these
parameters.

The following conditions and constrains were applied: (i) for each component a certain
variation in the parameter B was allowed in order to simulate the fact that the internal fields have
a certain spread. A Gaussian distribution was assumed and its width (AB) was also introduced as
a fit parameter. (if) the 6 angle between the wave vector of the y quanta and the direction of B
was fitted. This angle depends on how the applied field Bey manages to align the magnetization
the three main components. The asymmetry parameter, 7, and the additional angles o and ¢ were

fixed at zero. (iii) all spectral components were constrained to have equal line width I".

4.2.1.-2 X-ray Absorption Near-Edge Structure (XANES) Measurement

All the XANES measurements were performed at National Synchfotron Radiation
Research Center (NSRRC) in Taiwan with an electron beam energy of 1.5 GeV and maximum
stored current of 240 mA [34]. For the XANES measurement the sample was ground to pass
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through 400-mesh sieve to fulfill the requirement that the size of the particles of the sample was
smaller than the absorption length in the material. The resultant powder was rubbed onto Scotch
tape with homogeneous thickness. The measurements were performed in transmission mode at
the Wiggler beamline BL-17C with a double-crystal Si (111) monochromator. Gas-ionization
chambers filled with gas mixtures of Np-He and N,-Ar were used as detectors to measure the
incident (/y) and transmitted (/) photon intensities. On the other hand, as a reference for the
calibration at the Fe K edge, the spectrum of Fe metal foil was simultaneously monitored. The Fe
L,3-edge spectra were recorded by measuring the sample drain current in an ultrahigh vacuum
chamber with 10 Torr atmosphere. The incident photon flux (/o) was monitored at the same
time by using a Ni mesh located after the exit slit of the monochromatic beam. The absorption
measurements were normalized to Iy. The reproducibility of the absorption spectra of the same
sample in different experimental runs was found to be good. All the measurements were
performed at room temperature [VI].

4.2.2.  Physical Property Measurement System (PPMS)

In order to study the electrical ‘vtransport properties, a standard four-point probe
technique was employed in this work. The resistance (o) and the magnitude of MR were
carefully evaluated for fundamental B-site ordered double-perovskite compounds, i.e., samples
with 4 = Ba, Sr and Ca. The values of p and MR were calculated from the measured electrical
resistivity (R) values with Physical Property Measurement System (Quantum Design PPMS-9)
apparatus.

In order to investigate the conductivities of the samples and the field-dependence of
O/MR properties, resistivities were measured in a field-scanning mode at constant various
temperatures. The scanning in field steps of 0.05 T, 1 T from H=0to 1 T, form A =1to 7 T,
respectively, was carried out since this compound is expected to show low field MR properties
thus the precise measurement would be required for the low H region. The magnitude of MR was
evaluated as follows:

MR(H,T;, o (%) = [P(H > Tiveq) — p(Ho,Tﬁxed)}x 100

p(HoaTﬁxed) (422'1)

In this measurement the samples were shaped into pellets with a cross-section 2 to 3 mm?® with

Au wires as electrodes.

4.2.3. Multivariate Data Analysis

On the basis of long research history of B-site ordered double-perovskite compounds it
has been prospected that the crystallographic fine structure of the compounds might correlate
75



with the physical properties such as electromagnetic properties and conductivities. Concerning
the detailed crystallographic structure, bond lengths of cation-oxygen, i.e., distances between
A-O, B’/B”-0, thereby valences of B’/B” cations, ionic radius of 4, B’ and B” cations, degree of
order at B’-/B”-site, B’-O-B” bond angles, spin state of B’ cation, lattice parameters, bond angle
of lattice, tolerance factor and so on must be correlated to each other and be dominant parameters
for the properties of the material: Consequently, the appearance of various and complicated
properties of B-site ordered double perovskites can be considered a multivariate problem.

Multivariate analysis has the following advantages: it may (i) handle many variables
and few observations, (i7) handle few variables and many observations, (iif) handle almost square
matrices of any size, (iv) cope with missing data. Thus, multivariate data analysis is versatile and
useful [67]. Multivariate programs, i.e., the “principal component analysis (PCA)” and the
“Projection to Latent Structures by means of partial least squares (PLS)” methods, can be
approached by so-called projection methods which allow both qualitative and quantitative
examination of correlations between variables [68]. PCA analysis can be utilized for searching
trends, outliers, dominating variables, groups and clusters among the data. The PLS method is an
extension of the PCA analysis and is used when information on the dependence between X
(cause) and Y (response) variables is desired. The relative importance of each X variable on a
selected Y can be evaluated and furthermore, quantitative prediction of Y value is possible for a
new observation. 7

In the present work, PCA was applied for the qualitative evaluation of relations
between fine structural variables (X variables) mentioned above and values of 7¢ in the
ferrimagnetic 4,B’B” Q¢ phases. Quantitative modeling in the A,B’B”Og system was also
performed by PLS analysis. Moreover, in order to find essential factors for magnetism in the
A>B’B”0¢ compounds, “PLS discriminate analysis (PLSDA)” was carried out for two distinct
groups, i.e., magnetic (ferrimagnetic and antiferromagnetic) compounds and paramagnetic
(paramagnetic) compounds, of various compositional 4,8’ B’Og¢ phases. All the data utilized for
these analyses were adopted from a number of room temperature neutron/x-ray diffraction
studies published for these phases. In this study, searching trends, outliers, quantitative modeling
for T¢c value and qualitative evaluation of the type of magnetism in the 42B’B’Og¢ system was

discussed in terms of structural parameters only.

4.2.3.-1 General Consideration of Multivariate Data Analysis

The basics of multivariate data analysis are outlined in terms of the projections of
multidimensional spaces. With regard to projections, the most fundamental aspect is that a row in
a data table can be interpreted as point swarm in a multidimensional space. This allows
multivariate data and models to be understood and analyzed in terms of spaceé and geometrical
configurations within these spaces [67] which are represented as points, lines and hyper-planes in
these spaces. Multivariate data analysis has a good ability to comprehend structures in two- and
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three-dimensions. The understanding of these few dimensions can then be generalized to higher
dimensional space spanned by many variables.

In the multivariate data analysis we have a K-dimensional coordinate system with K
variables. For instance, if we have a data table X with K = 3 variables denoted by X1, X» and x3, a
three-dimensional coordinate system consists of three-coordinate axes. In this case, each
observation in X is then characterized by three numerical values. The three values of an
observation are represented by one point in this space. Then the first principal component (PC 1)
of the data set is available by computing the data. This component is the line in the
K-dimensional space that the best approximates the data in the least square sense. This line goes
through the average point of the data. Each observation can now be projected onto this line in
order to get a coordinate value along the PC-line. Usually, one principal component is
insufficient to model the systematic variation of a data set. Thus, a second principal component,
PC 2, is required. The second PC is also a line in the K-dimensional variable space which is
orthogonal to the first PC. This line also passes through the average point and improves the
approximation of the X-data as much as possible. When two PCs have been derived they
together define a plane, ie., a window, into the K-dimensional space. By projecting all the
observations onto this low-dimensional sub-space and plotting the results, a visualize structure of
the investigated data set can be obtained. The coordinate values of the observations on this plane
are called scores [6’7]. This conversion process of data table is called projection. Through the
projection, all the observations of X are displayed in K-space as a swarm of points. This window
oriented such that it provides a good overview of the data and hence enables their interpretation.
We have accomplished a projection from the original three-dimensional space down onto a
two-dimensional window. The idea of projections can now mathematically be extended from two
and three dimensions to any number of dimensions, i.e., any number of variables.

The information in the data is seen as patterns along these lines, planes, and
hyper-planes. The direction of the projection plane gives information about which variables are
important, which are not and how the important variables combine to separate the clusters of
observations, or to define trends among the observations [69]. PCA and PLS methods give a
summary of data table which can be analyzed graphically by means of two plots, the “score” and
the “loading” plots. The score plot is a summary of the relationship among the observations,
while the loading plot is a similar summary of the variables [67]. In the score/loading plots
observations/variables contributing similar characteristics/information are grouped together, i.e.,
they are correlated. When observations/variables are negatively correlated they are positioned on
opposite sides of the plot origin, in diagonally opposed quadrants. Furthermore, the distance to
the origin also conveys information. The further away from the plot origin, the stronger impact
that variable has on the model in the loading plot. Thus, un-influential variables are existed
around the origin of the plot (0, 0).

Abbreviations and notation of multivariate data analysis is listed in Appendix 1. In the
multivariate data analysis, bold upper case, e.g., X, represents matrices, whereas column vectors
are denoted by bold lower case characters, e.g., t. '
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4.2.3.-2 PCA and PLS

_ PCA describes the correlation structure in X [67]. This overview reveals the
relationship between observations and variables and among variables themselves [67]. Clarifying
the relationships among the variables with PCA analysis it is possible to get information of (i)
which variables contribute similar information to the PCA model and (ii) which provide unique
information about the observations [67]. Thus, PCA analysis is useful for generalizing a data
table [67]. PLS method also has this ability but PLS has an extended ability compared with PCA.
PLS can analyze data with strongly correlated, noisy and numerous X-variables and also
simultaneously model several response variables, Y.

Assumptions underlying the PLS method are (i) latent variables: the PLS modeling
supposes that the investigated system is influenced by underlying LV’s, (ii) alternative
derivation: this means the foundation of LV-model is a Taylor expansion, (iif) homogeneity: the
investigated system is thought to be in a similar state throughout all the investigation and (iv)
non-linear PLS: a transforming selected X-variables/X-scores to qualitative variables coded as
sets of dummy variables is assumed to be possible [69].

With appropriate data and a workable PLS model, it is possible to find out (i) how the
X-variables influence the Y-variables, (ii) how the Y-variables correlate with each other and (ii7)
how to adjust the X-variables to get a desired profile of the Y-variables. The main objectives of
PLS analysis are (i) to model X and Y and (ii) to predict Y from X for new observations.

Similar to PCA, the X matrix can be represented as N observations with K dimensions
in the PLS. Moreover, Y-variables possessing M dimensions denoted by y, (m = 1, 2, ..., M)
consists of the whole data set of PLS. Therefore, data set from the two matrices X and Y of
dimensions (N * K) and (N * M), respectively are utilized for this analysis [69]. The X-scores,
i.e., t;, derived by the PLS analysis are predictors of Y and also model X. The X-scores are
estimated as linear combinations of the original variables x; with the coefficients, i.e., weights,
represented by w*y, (@ = 1, 2, ...., 4). The correlations employed by the PLS method are
described in Appendix 2.

PLS score plots of the t/u-type provide information about deviations from the
dominating X/Y correlation structure. As well as detecting outliers in the X/Y relationship, the
PLS t/u scores are useful in identifying departures from linearity between X and Y. Moreover,
by plotting the t-vectors against each other and the u-vectors against each other, we may examine
the patterns in the X- and Y-space, separately [67]. Large Y-residuals indicate that the model is
poor. Residuals for X estimates the part not used in the modeling of Y in the PLS [67,69].
Geometrically, the tighter the scatter around the dotted diagonal, the stronger the correlation
between X and Y in the second PLS-model dimension [67].
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4.2.3.-3 Predictions Based on PLS

When a PLS-model is judged reliable through the interpretation of model parameters,
i.e., diagnostic tools, cross-validation, efc., it is possible for predicting the Y-data for new
observations. A new observation to be predicted is judged similar to the observations of training
set if it is located inside the cylindrical tolerance volume in the X-space. Then, its projection on
the X-model, t, can be entered into the t/u inner relation, thus producing a u-value for that
dimension. This u-value (or several u-values if there is more than one component) defines a
location on the Y-space model. This location corresponds to a predicted value for each response
variable [67].

4.3. Results and Discussion

For the 4,FeMoQg., system, it has been reported that the grain size [70,71] and the
degree of Fe/Mo order at the B-cation site [72,73] strongly affect the magnetotransport
characteristics. In order to investigate “intrinsic characteristics” of the 4,FeMoOQg., system, the
grain size, the oxygen content and the degree of Fe/Mo order are required to be controlled for all
the samples. A systématic study on the 4,FeMo00Os.,, sample series >(A = Ba, Bag 3Srg2, BagsSrgs,
Bag,Srgs, Sr, Cag,Srgg, CagasSrgzs, CagsSrgs, Cag75Srg2s, CaggSro, and Ca) is reported for the
present study aiming at clarifying the A  size-only-dependent effects, ie.
isovalent-cation-substitution effects, on the magnetotransport characteristics and further the

valence of Fe in this chapter.

4.3.1.  Confirmations of Synthesized Samples

The absolute values of the oxygen content of the A,FeMoOg., with A-site elements

23+ oulometric titration method.

consisting of Ba, Sr and Ca were determined by the Fe
According to several parallel experiments, the precise oxygen content of the samples of
BaFeMo0Og.,,, SroFeMo0Os.,, and CaFeMoOg.,, was determined at 6-w = 5.98(1), 5.97(1) and
5.99(1), respectively [V]. Since the oxygen contents of these edge members of samples were
fixed at 5.98+0.02, it might be possible to assign other 4,FeMoOsg.,, samples with various 4’s
synthesized by an oxygen-getter-controlled low-O,-pressure encapsulation technique to
stoichiometric oxygen content, in the present work. Henceforth in order to denote the oxygen
content (6-w) of the samples, “6” is utilized in this thesis.

In order to identify the phase and to check the phase purity, the XRD measurements for
the A4,FeMoOg with various A constituents obtained by an oxygeh-getter-controlled
low-O,-pressure encapsulation technique were performed. Crystal structures and space groups
were referred from literatures for BayFeMoOg [26], Sr;FeMoQOg [74] and CaFeMoOs [22]
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samples then Rietveld simulations of the peak position, diffraction profile and broadening of
profile for these compounds were carried out. By comparing the simulated profiles and obtained
diffraction patterns in this work, the most reasonable crystal structures and space groups for the

present samples were determined. The samples were believed to be of their space groups as

Fm3m [26), I4/mmm [74] or I4/m [43], and P2i/n [22], for A = Ba, Sr and Ca, respectively, in

this study. Comparison of simulated diffraction profiles and the measured XRD patterns of these

compounds are shown in Fig. 4.3.1.-1(a) to (¢).
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Fig. 4.3.1.-1 Comparison of simulated diffraction patterns and the measured XRD patterns for the (a) Ba,FeMoOs

(cubic, Fm{‘jm [26]), (b) Sr,FeMoOs (tetragonal, I4/mmm [74]) and (c) CaFeMoOg (monoclinic, P2\/n [22])
samples synthesized by an oxygen-getter-controlled low-O,-pressure encapsulation technique. The simulated

patterns are obtained by assuming the perfect Fe/Mo orders, i.e., degrees of order at B site (S values) are assumed to
be 1.
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Each simulated/measured pattern is well consistent for each compound. The occupancy
of B’ (Fe) and B” (Mo) was assumed to be perfect, i.e., it was supposed that all the Fe/Mo atoms
locate in correct Fe/Mo sites, in the simulations. From Fig. 4.3.1.-1, visible two weak peaks
existing in ~19.6° and ~38° in all the samples give evidence of the supercell arising from the
ordering of Fe and Mo sites alternatively [72]. Thus, it is possible to judge cell edges to be
doubled for these compounds. Also, it was revealed that with a further increase in ionic radius of
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A element, the more symmetric crystal structure of 4 ;FeMoQg phase can be obtained. In general,

the cubic symmetry with Fm3m space group is tend to be obtained for BaB’B”Og compounds

from both single crystals and polycrystals [e.g.,29]. On the other hand, crystal structures of
CayB’B”0Os samples are highly distorted originating from considerably tilted B’Og and B”Oq
octahedra due to the relatively small size of the Ca" cations [e.g.,22]. This is clarified by Fig.
43.1.-2 showing the XRD patterns for all the A4,FeMoOg samples synthesized by an
oxygen-getter-controlled low-O,-pressure encapsulation technique.
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Fig. 4.3.1.-2 XRD patterns for a series of 4,FeMoOs samples synthesized by an oxygen-getter-controlled
low-O,-pressure encapsulation technique. Each sample was fired at 1150 °C for 50 hours in the ampoule together
with fine Fe grains.
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Many groups have beenAinvestigated (S1,Ca),FeMoOs compounds from a stand point of
crystal structure. In the case of (Sr;xCay);FeMoQOg (0 < x < 1) samples with x < 0.5 and x > 0.75,
it has been determined their structures as the tetragonal /4/m and as the monoclinic P2,/n space
groups, respectively from the XRD measurements. In the range of 0.5 < x < 0.75, the structural
transitions from the tetragonal to the monoclinic were observed [34]. Moreover, other group
proposed that the changes in the space groups from the tetragonal to the primitive-tetragonal, i.e.,
P-tetragonal structures, for 0.3 < x < 0.65 in a series of (Sr;.xCay),FeMoOg samples, whereas the
structures were identified as the primitive-monoclinic for the case of 0.65 < x < 1.0 [33]. It has
been attributed the chemical pressure by substituting Ca" for Sr™" to bending the Fe-O-Mo angles
rather than the decreasing of the Fe/Mo-O bond lengths in the (Sr;xCay),FeMoOg system [34]. A
driving force of symmetrizing the crystal structures in the A4,FeMoQOg system would be

complicated and different mechanisms would affect the symmetry of structures among samples:

in the case of 4 constituents of Ba, BaSr and Sr compounds, these phases are cubic (Fm3m) at

500 K, while Ca;FeMoQOg adopts the monoclinic P2;/n structure through all the temperature
range. For the Ba;FeMoOg and BaSrFeMoOg phases, both compounds maintain cubic structure

down to 2 K [26]. However, a structural phase transition from the cubic (Fm3m) to the

tetragonal (/4/m) occurred at ~400 K in the Sr,FeMoOs compound upon cooling. With
decreasing the temperature, the FeOg and MoQOg octahedra rotate continuously around the ¢ axis
in the tetragonal structure which induces a continuous structural phase transition of this sample
[43]. The temperature dependence of this phase transition revealed that the tetragonal distortion
tends to be zero as the ferromagnetic moment vanishes. Increase in the magnetic moment seems
to depend on the increase of structural distortion [43]. Considering these facts, each independent
mechanism would settle each crystal structure of 4,FeMoOg compounds having various A-site
constituents. Furthermore, many space groups has been suggested for SroFeMoOg sample such as
tetragonal I4/mmm [e.g.,17,74], I4/m [43], P4/mmm [11], P4o/m [26] and even the cubic

symmetry, Fm3m [20,75] has been proposed at room and high temperatures. It was found from

the neutron measurements that the size of the FeOg and MoOg octahedra was only different in the
c-direction with Fe-O3 = 2.027(7)A and Mo-O3 = 1.935(7)A. The in-plane cation-oxygen
distance was found to be equivalent, i.e., Fe(Mo)-O = 1.979(1)A [26]. These experimental facts
might be origin of difficulties of structural determination of Sr,FeMoOs. Besides, in a
polycrystalline Sr,FeMoOg, a cubic phase possessing a lower 7¢ of ~390 °C with a value of My
at 5 K of ~2.84 pp/f.u. has been stabilized by a short annealing at 1200 °C followed by cooling at
the rate of 3°C/min. Concerning a tetragonal phase, it was obtained from a longer annealing
times at 1200 °C. Thereby a T value was about 415 °C exhibiting My at 5 K of ~3.0 pp/f.u. with
higher degree of order than that of the cubic phase [20]. From the measured XRD pattern for the
present Sr;FeMoQOg sample and resultan_ts' of simulation of diffraction profile, the tétragonal
structure with J4/m space group was found to be the most satisfied structure for the present Sr
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sample. »

After crystal structures and space groups were established, the Rietveld refinements
were fulfilled using RIETAN program. The lattice parameters were determined by the the
refinements and the ordering state at Fe(B’)/Mo(B”) sites for the present BaFeMoOg,
SroFeMoOg and CayFeMoOg samples was evaluated based on Fe/Mo occupancies. This detailed
Rietveld refinement was carried out for the most fundamental members, i.e., 4 = Ba, Sr and Ca
samples only, because the precise crystal structures, symmetries and space groups have not been
established for the intermediate (Ba,Sr);FeMoOs and (Sr,Ca),FeMoQOg samples. For these
fundamental members, each peak obtained was indexed through the refinement and all the peaks
were identified. Thus, BasFeMoOg, SroFeMoOg and CaFeMoOg samples synthesized by the
present work were confirmed to be of high quality. In the structural refinement, the
powder-diffraction pattern was calculated taking into account instrument-related factors, i.e., the
instrumental profile function, zero position, background, wave length and sample holder, efc.
Starting values for all the atomic positions and isotropic thermal displacement parameters were
set at literature values for each sample (Ba: [26], Sr: [74], and Ca: [22]). The cell parameters
were taken from the measured XRD results, and were refined together with parameters such as
the background and the total scaling factor. The occupancies of all the atoms were fixed at full
for the initial refinements then the occupancies of Fe and Mo were set as changeable parameters
and refined in the last stage of the Rietveld analysis, in the presént study. Based on the final
refinement, the miss-occupancy of Fe at the Mo sites denoted by v, was evaluated as 0.015(1),
0.047(1) and 0.040(1) for 4 = Ba, Sr and Ca samples, respectively [V]. Through out the Rietveld
analysis for fundamental compounds, it was found: (i) samples have ordered arrangements at
Fe/Mo sites. Thus, these compounds form the double-perovskite structure (i) these compounds
possess almost perfect ordered structure at B sites but tiny amount of miss-occupancy of Fe and
Mo elements exist in samples. The agreement factors in the Rietveld analysis is listed in Table
4.3.1.-1. These factors indicate that refinements are possible to consider to be reasonable. As
described in section 4.1.1, differences in charge at B’- and B”-cation is the most influential
parameter [1] for B-site arrangements in the 42B’B”’Og compounds. According to the present
Rietveld refinement, all the fundamental compounds consisting of 4 = Ba, Sr and Ca have
ordered structure thereby they form the rock-salt arrangement at Fe/Mo sites. Therefore, it is
possible to prospect that the charge differences between Fe/Mo atoms are, at least, greater than
two for these samples. This subject is discussed in section 4.3.3.-1 in detail.
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Table 4.3.1.-1 The results and agreement factors obtained from the present Rietveld refinements.

Sample BayFeMoOg | SroFeMoOg | CayFeMoOg
Rup 8.71 6.71 7.19
R, 6.67 4.57 4.91
RR 8.80 539 | 683
R, 3.29 2.44 3.37
Rup/Rp 1.31 1.47 1.46
g 0.985 0.953 0.960
S 0.970 0.906 0.920
% 0.015 0.047 0.040

4.3.2. Microstructures

For the 4,FeMoOQOg system, it has been reported that the grain size [70,71] strongly
affect the MR characteristics. Furthermore, a condition of grains, i.e., whether the sample grains
are melted-grown or not, influences the electrical transport properties. Since the melted-grown
particles affect the distance of electron tunneling, the MR properties generated by the tunneling
MR mechanism would be influenced whether the sample grains are melted-grown or not. If this
melt-grown process is realized during the synthesis process, the melted 4,FeMoOg particles
might induce extrinsic electronic-transport/MR characteristics. Therefore, the observation of
grains of 4,FeMoOg samples showing the tunneling MR properties is required. The aim in this
study was to reveal the intrinsic effects of r(AH) in the A,FeMoOg phase without any extrinsic
factors. For this compound, the grain sizc is also important since each particle possesses
magnetic boundary. The boundary acts as a barrier of the tunneling of electrons. Namely, a
sample with small average grain size may show high electrical resistivities. Thus, to check a
condition of the sample grain and to confirm the particle size, a SEM study with EDS analysis
was performed on the A;FeMoOs samples synthesized by an oxygen-getter-controlled
low-O,-pressure encapsulation technique.

Fig. 4.3.2.-1 shows the results of the SEM observations for all the 4,FeMoQs samples
that has various r(4") in the present study. There are not any melted-grown particles in all the
samples and particle-growths seem to be sufficient. This direct observation of sample grains
agrees with the resultants of XRD measurements for the present samples, i.e., the more
symmetric crystal structure of 4,FeMoOg phase can be obtained for larger #(A") constituents. It
is because samples that have large r(4") form more spherical-shaped grains due to more
symmetric crystal structures compared to samples consisting of smaller r(4%elements. Judging
from the present resultants of SEM observation only, a sample with 4 = CaggSrg, might be a
boundary of crystal symmetry between less Ca containing samples and Ca-rich samples from a
shape of grains. '
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Fig. 4.3.2.-1 SEM images for the 4,FeMoQg samples with 4 = (a) Ba, (b) Sro2Bags, (¢) StosBag, (d) St, (e)
SrogCag., (f) Sro2Cap s and (g) Ca constituents.

The average grain size, dave, Was calculated by applying the Plani-metric method. Six
local spots for each sample were selected and calculated the dyye values. The grain size of each
sample was confirmed to lie in a narrow range of 2 to 6 um for 4,FeMoQOg samples. For a
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detailed microstructural study, SEM micrographs for the most fundamental members of
Ba,FeMoOg, SroFeMoQOg and Ca;FeMoQg are shown in Fig. 4.3.2.-2. This study emphasizes that
a sample with the large 7(4") constituent has large grain size.

Fig. 4.3.2.-2 SEM images for the (a) BayFeMoOg, (b) Sr,FeMoO; and (c) Ca,FeMoQg samples.

Moreover, the EDS analysis of grains for all the samples was carried out in order to
reveal the cation compositions. The analysis was performed for four local spots of each sample
and obtained the average composition ratio of cations. All the analyzed local spots of the grain
was concluded to be approximately the stoichiometric 4;FeMoQOg possessing the compositions of
A:Fe:Mo = 2.0:1.0:1.0 with small standard deviations.

The microstructural study concludes that there are hardly any melted particles in all the
A,FeMoQOg samples with homogeneous grain sizes and cation compositions so that it is possible
to deduce that the samples show intrinsic properties induced by the size effects of #(4"), only.

4.3.3. Iron Valence [V,VI,VII]
4.3.3.-1 Determination of Iron Valence

The valence state of iron was investigated by *’Fe Mdssbauer spectroscopy
measurement was performed for all the samples, ie, samples synthesized by an
oxygen-getter-controlled low-O,-pressure encapsulation technique and by a flowing Hy/N, gas
technique [V]. In Table 4.3.3.-1-1, the resultant values of hyperfine parameters obtained from the
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computer fittings of the spectra are listed for the samples synthesized by the encapsulation
technique. By considering the fitting results, the main component was found to be Fe™!
(denoted M1). The second component (denoted AS) was assigned to derive from the antisite Fe
atoms. This component represents the Fe atoms locating at the Mo site with the Vg of III. The
existence of antiphase boundaries (APB) was first seen for Sr,FeMoOg [VII] and all the
experimental facts indicated that all the present 4,FeMoQOg samples possess the APBs. Thus, the
third component (denoted AP) was assignable to the Fe atoms at APBs. The fourth component
(denoted M2) was considered to be a satellite of the main component originating from the Fe
atoms located adjacent to the antisite Fe atoms. Since the influence of nearest-neighbour
(oxygen) atoms only gives rise to unique components in M&ssbauer spectra for perovskite oxides
usually, this component M2 is rather unusual. Namely, Fe atoms with different oxygen
coordination spheres appear as well-resolved components even when spin and valence states are
identical, whereas any variation at the next-nearest-neighbour (cation) site(s) only causes line
broadening of the components. However, in the present phase the nearest-neighbour oxygen
configuration is identical for each Fe atom but the delicate charge balance between the

next-nearest-neighbour atoms, i.e. Mo or Fe, affect the Mdssbauer spectra, i.e. Fe'!M

(component
M1) or pure Fe'" (component AS). Therefore, the M2 component is indeed believed to reflect
Fe"™ atoms adjacent to an antisite Fe atom. Both M2 and AS hence indicate the presence of
antisite Fe atoms. Although only AS really originates from the Fe atoms at the Mo site, the
component M2 measured only indirectly, would reflect the concentration of antisite Fe.

The isomer shift is the best hyperfine parameter to judge the valence state of iron. It has
been established [76] that the average isomer-shift values for Fe™ in oxides are expected to show
0.20-0.55 mm/s. At 77 K, a typical value for high-spin (HS) Fe™ in a 5- or 6-coordination is ~0.3
mm/s [77], whereas for HS Fe" values of ~1.0 mm/s are expected [76]. In accordance with a
previous Mdssbauer study [35] on the SroFe(Mo,W/Ta)Og system, it was revealed that replacing
Mo with WY (Ta") enhances the formation of pure Fe' (Fe'") at the expense of mixed-valence
Fe'"™ species. It was also reported that the partially W(Ta)-substituted samples exhibited various
mixtures of FeH(Fem) and FeV, Typical isomer-shift values for these in the paramagnetic state
at 300 K were: 1.00 mm/s for Fe, 0.33 mm/s for Fe'' and 0.55~0.70 for Fe"™, Judging from
these facts, the valence state of Fe atoms that contributes to component M1 (with isomer-shift
value in the range of 0.7 to 0.85 mm/s at 77-K as listed in Table 4.3.3.-1-1 was concluded to show

/111

in between II and III in this study. Component M1 may thus be concluded to Fe ™ in accordance

with earlier reports [43,60].
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Table 4.3.3.-1-1 Hyperfine parameters obtained from the computer fittings of *’Fe Mossbauer spectra at 77 K for
the samples synthesized by the encapsulation technique [V].

_ 4 element
Comp. Ba Bag gSro.2 | Bag 5Sro,5 | Bag2Sro 8 Sr Sro.8Cag.2 | Sro.2Cao.s Ca
B (T) 43.66(3) | 44.58(3) | 45.43(3) | 45.88(1) | 45.24(4) | 45.46(1) | 45.36(3) | 44.76(5)
I 5 (mm/s) | 0.849(4) | 0.8233) | 0.766(4) | 0.719(1) | 0.700¢6) | 0.703(1) | 0.731(4) | 0.684(5)
1 (%) 80(4) 802) | 873) 84(1) 77(4) 82(1) 67(2) 80(3)
eQVzz (mmvs)| -0.013) | -052) |-0.062) | -0501) | -1.0@ | -04) | -0000) | -0.802)
B (T) 16803) | 46.12) | 47.12) | 47.528) | 45.6(3) | 47.501) | 46.193) | 46.7(5)
- 5 (mm/s) | 0.66(1) | 0.66(2) | 0.573) | 0.431) | 0.50(4) | 0.56(1) | 0.501) | 0.51(3)
1 (%) 8(2) 7(1) 8(1) 7.8(5) 12 | 930 | 220 8(2)
eQVzz(mm/s)| 0.463) | 072 | 072 | 0.618) | 1.53) | o0y | 0.766) | 1.2(2)
B (T) 50.6(5) | 51.9(5) | safix) | 52.4@2) | 5172 | 52.203) | 51.12) | 52.34)
AS 5 (mm/s) | 0.32(fix) | 0.216) | 0.3(1) | 0.183) | 0.4(4) | 0.28(3) | 04122) | 0.51(5
1 (%) 21) 1.66) | 1.49) | 2504 | 2304) | 404 | 7405 3(1)
eQVzz(mm/s)| 023) | 012 | 01 1 0300 | -1 | -031) | -0.2406) | -0.42)
B (T) 1.9¢4) | 2600 | 086 | 24 | 123) | 342 | 264 | 1603)
AP S mm/s) | 0.38G) | 0392 [ 0.1865) | 03702 | 0344 | 0.236) | 0.143) | 0.38(4)
1 (%) o) | 11.26) | 376 | 5.703) 9(1) 513) | 360 | 9.10®
cQVzz(mm/s)| -08(2) | -04809) | 102 [ 03) [ -08) | 1@ | 11 | 1200

Prominent effects of 4-site cation on the actual isomer-shift value of M1 were observed
in the present results. The dependence is illustrated in Fig. 4.3.3.-1-1 for all the samples
(synthesized by the two different techniques). The isomer-shift value is plotted as a function of
#(A") in the figure. The straightforward interpretation is that the higher the isomer-shift value is,
the lower is the valence of the mixed-valence Fe in the sample, i.e. closer to II. Thus, there is a
systematic shift towards divalency with increasing r(4"), especially within the 4 = (Sr,Ba)
regime upon increasing the Ba content. The difference of some 0.15 mm/s between the extreme
isomer-shift values is rather large and significant. Even though the actual values are somewhat
scattered, a similar trend can be seen for the isomer-shift values of component M2 as listed in
Table 4.3.3.-1-1. The scattered values of component M2 may originate from a partially resolution
of component M1. The higher isomer-shift value seen for component M1 in Ba;FeMoOg in
comparison to that in Sr,FeMoOyg is consistent with the results of two earlier Mossbauer studies
[63,78]. On the other hand, authors in other group suggested [63] that 4 = Ba must be a pure

mixed-valence state of Fe™!

, whereas Ca- and Sr-based samples are closer to pure trivalency.
However, based on the present isomer-shift value of M1, it would be reasonable to interpret that
for A = Ca sample rather indicates that an Fe valence state close to “pure II/III”. The recent
XANES study [62] in the Fe L-edge portion, authors concluded that the ground states of
BayFeMoOg and Sr;FeMoOg compounds possess the mixed-valence Fe™

a larger Fe"' contribution for Bay;FeMoOg than for Sr,FeMoOg. This is consistent with the

configuration but with

obtained results in this study. Note that component M1 dominates all spectra thus high accuracy
of the fitting for the isomer shift for all the six lines of M1 component is expectable. It is also
possible to fit reliably even for component M2 because of the clear distinguishable spectra
deriving from M2 contribution, |
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Fig. 43.3.-1-1 Isomer-shift value of component M1.versus ionic radius of the alkaline-carth element, #(4"), in 12
coordinated state [V].

Component AS covers just a few per cent of the total intensity and only lines 1 and 6
are visible in the data. Accordingly it is not possible to fit the isomer shift reliably. This induces
the somewhat scattered isomer-shift values for component AS as listed in Table 4.3.3.-1-1. The
change in the isomer shift of component AS seems partly opposite to that for M1 (and M2) but
AS iron would be free from a strong compensation for changes in the valence of the majority Fe
atoms. It is because the overall concentration of AS is low in each sample. For component AP,
the possible change, if any, is parallel to that seen for components M1 and M2. Thus, the valence

W\ V! may gradually shift closer to that of Fe-Mo"' for larger size of A4

balance Fe
constituents in the 4,FeMoQOg samples. By considering these experimental results, the chemical
pressure would be the most plausible explanation of the A-site constituent dependence of
valence-mixing state found in the present 4,FeMoQOg samples. If this is correct, the density of
state(DOS)s of B constituents might be varied with #(4") because the electric structure of
compound and its valence state can be correlated closely with each other. Thus, the variation of
DOS may induce the difference of valence states of B cations, i.e., Fe and Mo valences.
Therefore, it is interesting to refer to the band-structure calculations based on the LDA method
[79]. The calculations were focused on BaFeMoOg, SrpFeMoQOg and CayFeMoOg which are
established their crystal structures and space groups by reliable/detailed neutron studies (for 4 =
Ba and Sr [80], for 4 = Ca [22]). Nevertheless the difference of A-cation species, all the

calculated DOSs show clear halfmetallic features (Fig. 4.3.3.-1-2).
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Fig. 4.3.3.-1-2  Density of states (DOS) for the (a) Ba,FeMoOg, (b) SrFeMoOs and (c) Ca,FeMoOs compounds
calculated based on the LDA method [79].

On the up-spin channel, there is an apparent gap in the DOS, whereas the conducting
state on the down-spin channel crosses the Fermi level (Ep) for all the samples. The
halfmetallicity is due to the hybridization of both Fe and Mo #,, states [17,79,80]. From the
obtained results shown in Fig. 4.3.3.-1-2, the DOS existing in the down-spin side and crossing the
Er is composed of the hybridization of Fe 3d, Mo 4d and O 2p down spins. A clear difference in
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the electronic structure originating from the size difference at A4 site is seen in Fig. 4.3.3.-1-3, a
partial DOS of Mo 44 existing below the Fermi level. By integrating the partial DOS of Mo 4d
below the Ep, the area was evaluated and it was found that the calculated area is relatively small
in the case of Ba,FeMoQg, while those for Sr,FeMoOg and CaFeMoQOg are mostly equivalent
[79]. Since decreases in the area imply a lessen electron density of the Mo 4d; 55, charge and
spin density of the itinerant electron of Mo 44, tend to shift easily to Fe 3d, i.e., transferring from
Mo" to Fe™. Concomitant with this shift, the valence of Fe ought to decrease towards II as the
VMo increases to VI in Ba,FeMoQOg. Actually, this is in accordance with the results of Méssbauer
analyses: the behaviours of isomer-shift value/the calculated area of partial DOS of Mo 4d below
the Er in terms of #(4") are parallel correlation, as represented in Fig. 4.3.3-1-4.
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Fig. 43.3.-1-3 DOS of Fe 3d and Mo 4d for the (a) BaFeMoOg, (b) Sr;FeMoOgs and (c) Ca,FeMoOs
compounds calculated based on the LDA method [79]. In this figure, only the Fe and Mo states are extracted from
the Fig. 4.3.3.-1-2 for the sake of clarify. The spin densities are explained in Fig. 4.3.3.-1-3 (a).
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Fig. 4.3.3.-1-4 The isomer-shift values from the present °’Fe Mossbauer analyses [V] and the partial density of
states of Mo areas under Ey from band calculations [79] as a function of #(4") for the Ba,FeMoQOs, Sr,FeMoO, and
CaFeMoOg compounds. The partial Mo area of DOS below the Fermi level (Ay,) was calculated by integrating data
of the density of states point by point [79].
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In Table 4.3.3.-1-1, not only the isomer shift but also other hyperfine parameters differ
rather little for the 4 = (Sr,Ca) samples. For all the samples, the internal-field values indicate
typical HS Fe" or Fe'!, except for component AP. The component AP has an abnormally small
internal field because of the spins of the APB atoms orient perpendicularly to the bulk
magnetization which confirms the antiferromagnetic coupling between the Fe atoms within the
antiphase boundary [VII], i.e., strong magnetic frustration.- The internal field value of the APB
iron atoms is of only ~2.8 T at 77K [VII], while a typical Fe"/™ main component usually shows

~46 T. Component AS exhibits the highest internal field as it originates from pure Fe''.

High-spin Fe' with a 5- or 6-coordination usually has a saturation field of over 50 T. In the
present measurements it is demonstrated that the internal field of component M1 is somewhat
decreased with a value of lower than 50 T owing to the valence mixing. By considering the
isomer-shift values it was judged that the valence and spin states of the mixed-valence Fe atoms
are the lowest in 4 = Ba sample. This reasonably leads to the fact that the strongest decrease in
the field value for this sample. However, a further discussion is required for the overall
behaviour of the field induced by component M1 as follows (see Fig. 4.3.3.-1-5). In the Ca-for-Sr
substituted samples the isomer-shift values indicate a constant Vpe. The local maximum in the
internal field around 30 % Ca-substitution level is thus best explained such that the transition
from the tetragonal to cubic symmetry occurs in this region [33]. The variation of the internal
field in the (Sr,Ca) regime might be purely due to the changes in the lattice symmetry. Also it
may be attributed the first increasing of field in the (Sr,Ba) region to the high symmetry of the
samples, i.e., the fact that the samples again become cubic in this regime. With increasing the Ba
content, the strong decrease in field was observed. This is clearly due to the fact that the valence
of Fe approaches II. In terms of component M2, it exhibited field values intermediate between
those for components, M1 and AS, as expected based on the isomer-shift values for M2.
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Fig. 4.3.3.-1-5 Internal field of component M1 plqtted against r(4") [V].

Since the component M2 is aséigned to the Fe atoms adjacent to antisite Fe atoms, it
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would be possible to expect a constant intensity ratio of M2 to AS. Thus, the intensity ratio,
calculated as I(M2)/I(AS), is plotted against the intensity of AS for all the 4,FeMoOg¢ samples in
Fig. 4.3.3.-1-6. Nevertheless the plot includes data for samples synthesized by the encapsulation
technique under slightly different synthesis conditions, an obvious trend was found. It can be
seen a decreasing trend for I(M2)/I(AS) as the concentration of anti-site atoms increases. Only
for samples with the smallest concentration of anti-site atoms the theoretical intensity ratio, i.e.,
6:1, was obtained. The most possible explanation for this trend is clustering of antisite atoms, i.e.,
the anti-site defects at the B-cation site tend to cluster as their concentration increases.
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Fig. 4.3.3.-1-6 Intensity ratio of component M2 to AS, ie., I(M2)/I(AS), as obtained from the fitted 77-K
Mdssbauer spectra for the 4,FeMoQg samples [V].

The Ve, was also investigated by the Fe Lj3-edge XANES measurements for the
present A,FeMoQOg samples (4 = Ba, BaggSrpy, BagaSrog, Sr, CagaSrgs, CaggSroz and Ca)
synthesized by an oxygen-getter-controlled low-Oj-pressure encapsulation method. The
L,3-edge of Fe attributed the main spectral features to dipole transitions from the core Fe 2p
level to the empty Fe 3d states [81,82]. The spectra are derived from a core-hole spin —orbit
interaction, i.e., Fe 2ps3n (L3 edge; 705 ~ 715 eV) and Fe 2py; (L edge; 715 ~ 730 eV), so that
the spectra are separated into two regions. Moreover, transitions 2p — 4s are possible but they
-are much weaker, contributing the background only. Thus, these transitions can be neglected. In
the L3 portion of the Fe I,3-edge X-ray absorption spectra, there are two outstanding peaks
originated from the Fe" species in an octahedral crystal field in the 4,FeMoQOg system as shown
in Fig. 4.3.3.-1-7 (a). Fe"" component typically shows a main peak or a shoulder at ~707 ¢V, while
a weaker peak or a shoulder at ~709 eV followed in the region of L3 absorption edge [81,82].
The order of the peaks represent Fe' species [VI]. Although both peaks at the photon energies
~707 eV and ~709 eV derive from Fe', it has been established [VI] that if the contribution of
Fe'' is stronger than Fe' in terms of Fe atoms in the sample, the intensity and area of peak at

~709 eV are intensified, while those of peak at ~707 eV are weakened and vice versa. By
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considering these empirical facts, it would be possible to discuss the Vg, in the samples from
these two peaks. For discussing the area of spectra peak, all the measured spectra were fitted by
Gaussian function. All the Gaussian fitting might be reliable with fitting-standard errors of 107!
~ 105 order. Fig. 4.3.3.-1-7 (b) shows the area ratio, i.e., A709/4707, of the two peaks at ~707 and
~709 eV as a function of r(AH). Each A709/A797 value was calculated from Gaussian fitted peak
area. Clearly, the obtained results show that with increasing the r(AH), the A7oe/A707 ratio

decreases suggesting much contribution of Fe' rather than Fe™

in the samples. This tendency
agrees with conclusion obtained by the Mossbauer analyses. However, it is difficult to deduce

the absolute values of Vg, from the results of XANES measurements.
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Fig. 4.3.3.-1-7 (a) Fe L; edge XANES spectra of Ba,FeMoOg, Sr,FeMoO;, and Ca,FeMoOs samples synthesized
by the oxygen-getter-controlled low-O,-pressure encapsulation method in the present work. Eventhough the
measurements were carried out for all the present 4,FeMoO; samples synthesized by the encapsulation technique,
the spectra for the most fundamental compounds only are shown for a sake of clarify. (b) The area ratio, A7o/4707, Of
the two peaks at ~707 and ~709 eV as plotted against the ionic radius of A-cation constituents. The line in the figure
represents the data approximation in the least square sense.

It has been investigated the valence of iron for extended B-site ordered
double-perovskite systems, i.e., Sr,Fe(Mo,W/Ta)Os sample series, freed from the oxygen
deficiency [VI]. Thus, it is possible to suppose the relative correlations of Vg among samples,
and further, by comparing these relationships of V. values, it would be deducible an absolute V.
value for each sample. Form the Fe L, 3-edge absorption spectra of SroFe(Mo,W/Ta)Og systems,
authors found that the ~707 eV peak is stronger than the ~709 eV peak for heavily
WVLsubstituted samples and weaker for heavily Ta'-substituted ones. This implies much

-~ contribution of Fe' species than Fe™ species in the W-substituted samples and vice versa in the
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Ta'-substituted samples. The Sr;FeMoOg sample showed intermediate spectral features as
compared with those for the strongly W- and Ta-substituted samples. Thus, the XANES

W i xed-valence state. This

investigation also concluded that the Sr,FeMoQOg sample is in the Fe
is shown in Fig. 4.3.3.-1-8. Furthermore, the Fe K-edge absorption spectra were obtained for the
whole series of SroFe(Mo,W/Ta)Og samples. Clearly, from the energy shift of the absorption
edge, the expected valence of Fe increased from II (for SrFe(Mo,W)Og regime) to III (for
SrpFe(Mo,Ta)Og¢ regime). Through out the XANES studies utilizing full series of
double-perovskite samples, it was concluded that the observed behaviour might indicate that the
actual valence of Fe in Sr,FeMoOg is not precisely 2.5 but a little higher from the studies of K
edge. In the isovalent substituted (Sr;.xCax),FeMoOg (x = 0, 0.25, 0.5 and 0.75) samples, the Fe
L-edge XANES spectra showed [34] two multiple structures due to the orbit splitting of Fe 2psp,
and 2p; ;. The obtained spectra were deduced that the Fe valence is much higher than +II but less
than +III over the range of Ca substitution. This is well accordance with the present obtained
Mossbauer conclusion. Besides, the same group measured the Mo M-edge absorption spectra of
these (Sr;«Cay),FeMoOg (x = 0, 0.25, 0.5 and 0.75) compounds. The valence of Mo reduction
with the increasing Ca content was seen from the spectra which would cause the increase of

valence of Fe with x.
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Fig. 4.3.3.-1-8 Fe L; edge XANES specira for a series of SroFe(Mo,W/Ta)Os samples in the energy range of
704-714 eV [VI].

In conclusion of valence of iron for the present 4,FeMoQOs sample series, two
techniques were employed such as STRe Mossbauer and Fe XANES spectroscopies to show that

M mixed-valence state. Not only these

iron in the halfmetallic 4,FeMoOg possesses an Fe
experimental facts but also band-structure calculation [17] confirmed for the mixed valency of

Fe for Sr;FeMoQOg. The neutron diffraction data for this system also demonstrated that reducing
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of magnetic-moment values for the Fe and Mo sites compared with the values expected for

I

higher-spin Fe" and Mo" [43] indicates the valence mixing of Fe and Mo species.

4.3.3.-2 Role of the Valence of Iron for Properties

Based on the hyperfine parameters obtained for component M1, it was concluded that
with increasing the ionic radius of 4 element, the valence balance Fe"™-Mo"""!
closer to that of Fe"-Mo"" as described in section 4.3.3.-1. It means that the difference between

the charges of the two B’/B” cations increases as r(4") increases. For 4,B’B”Os

gradually shifts

double-perovskite compounds consisting of two B’ and B” cations with equal atomic fractions,
the degree of B-site order has been believed to be controlled by the size of the cation 4 and the
charges of the cations B’ and B”. In the present study, the concentration of antisite defects, i.e.,
miss-occupancy of Fe at the Mo site, v, was calculated by means of three independent ways such
that (i) the XRD data through Rietveld refinement (which has already been revealed in section
4.3.1.), (ii) the results of magnetization experiments, and (iif) the analysis of M&ssbauer data.
The obtained values of v are plotted against r(4"), for the samples synthesized by the
encapsulation technique as presented in Fig. 4.3.3.-2-1. As already mentioned, the Rietveld
refinement clarified the v values of 0.015(1), 0.047(1) and 0.040(1) for the (4°,4””) = Ba, Sr and
Ca samples, respectively. The magnitude of saturation magnetization (Ms) value was determined
as the magnetization value per formula unit at 5 T and 5 K. The Ms value was calculated from
the measured magnetization data and are determined 3.9(1) pup, 3.8(1) ps and 3.6(1) pg for the 4
= Ba, Sr and Ca samples, respectively. Other samples with mixtures of Ba, Sr and Ca at the 4 site
were confirmed to lie in a range of 3.4~3.9 up as Mg values. The reduction in Ms as compared
with the maximum value of 4 pp is believed to originate from the antisite defects [74,83].
Therefore, it is possible to estimate a relationship between the concentration of antisite defects
and Mg values [63]: Ms = (4 - 8v). Moreover, it is possible to calculate v from the intensity of
component AS [/(AS)] by Mdssbauer analysis: v = I(AS)/100. The numbers of v obtained from
the three different approaches are consistent and all the samples possess high degrees of order as
shown in Fig. 4.3.3.-2-1. It has been reported [7] that (i) decreasing the (average) size of 4, and
(if) increasing the charge difference between the B’/B” cations, would promote the ordering.
However, a tendency of slightly increased v values is seen upon decreasing (4"), in this study.
This is opposite to (i), but agrees with (ii). This may imply that the influence of (i7) might be
stronger than that of (i) for the concentration of antisite defects. Therefore, the trend seen in Fig.
4.33.-2-1 is reasonable with an interpretation of the Mossbauer parameters in terms of the precise
Vie.
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Fig. 4.3.3.-2-1 Concentration of anti-site defects (v) versus r(A"). The value of v is estimated based on the Mj
value from the magnetization measurement, the result of Rietveld refinement of XRD data and the observed relative
intensity of component AS in the 77-K *’Fe Mossbauer spectrum [V].

4.3.3.-3 Valence of Iron in Other B-site Ordered Double-Perovskite Compounds

A>FeReOg can be regarded as the closest B-site ordered double-perovskite system of the
AsFeMoOg compounds. In this system, °'Fe Mdssbauer measurements showed [30] that iron is
present mainly in the high spin (S = 5/2) Fe'" state in the Ca,FeReOs compound, whereas an
intermediate state between high spin Fe' (S =2) and Fe' but closer to the latter was revealed
in the Ba,FeReOg. For the A = Sr sample, the values of isomer shift and hyperfine field for this
sample clarified that these values showed intermediate between those for the Ba and Ca
compounds. However, the obtained Mossbauer parameters of Sr,FeReOg were closer to
CayFeReOg, rather than BasFeReOg in terms of the valence state. This is the same tendency in
the present 4,FeMoQg system in terms of A-site constituent though the absolute values of Vr, are
different between Ba;FeMoQOg/BayFeReOg, SroFeMoOg/SrFeReOg and CaFeMoOg/CaFeReOg
compounds. It was also found in this research that the transport properties and variation in the
crystal structures in the 4,FeReOg system are coincident with the variation of Vg, because a
changing in the 4-cation species exerted a metal-insulator transition in this system. The strong
correlation between the physical properties and valence mixing of B cations in 4,FeMoOs has
been clarified in the present work, too. However, another Méssbauer investigation revealed [84]
that the main component of iron atoms in a series of (St,Ca),FeReOs samples is composed of

/11

mixed-valent Fe™ " state but a linear Ca-substitution level dependence of isomer-shift value was

observed, i.e., the higher the concentration of Ca was, the closer was the valence value of Fe'l!

keeping the valence mixing state of iron up to Ca;FeReOg. This is shown in Fig. 4.3.3.-3-1.
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Fig. 4.3.3.-3-1 Comparison of isomer-shift value of component M1 between the present 4,FeMoQOg [V] and
A,FeReOg [84] systems as a function of r(4™) measured at 77 K.

4.3.4. Magnetic Boundaries/Domains and Anti Phase Boundaries

The APB is defined as a crystallographic boundary at which the phase shift of the B-site
ordering occurs. It has been found that APB strongly affects the physical properties such as
magnetic properties and MR characteristics in B-site ordered perovskites [85,86]. So far, the
observations of APBs with high-resolution electron microscopy (HREM) have been reported by
Navarro et al. [85] but they performed the Fourier transformation on the HREM image, i.e., they
presented “indirect” observations. ‘

In the study of Vg by the Mossbauer measurements for the present samples, extremely
low internal-field values were obtained for component AP so that the existence of Fe atoms at
APBs was expected in this study. It is because antisite defects are believed to promote some
magnetic frustration [85] results in small internal-field values of Fe nuclei. Therefore, “direct”
observations of APBs at room temperature were tried on the most basic B-site ordered double
perovskite, SroFeMoQOg, by a TEM technique, in this study. The utilized ceramic Sr,FeMoOg
safnple was synthesized by an oxygen-getter-controlled low-O,-pressure encapsulation technique
and made into thin film by means of ion milling technique. The concentration of APB was
estimated 8 % from the M&ssbauer analysis, while a long-rang order (S) at Fe/Mo sites was
calculated ~0.92 by a refinement of Rietveld analysis for this sample. ‘
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Figs. 4.3.4.-1 (a) to (d) show TEM micrographs of a grain in the Sr,FeMoQOg sample
taken with an incident electron beam of the [001] direction. Structural defects observed in a
bright-field image (Fig. 4.3.4.-1 (a)) and dark-field images (002 and 200 spots: Figs. 4.3.4.-1 (b)
and (c)), were considered to be original structural defects exist in the grain or to be defects
derived from the ion-milling process. This structural defect is indicated by “defect” with arrows
in Fig. 4.3.4.-1 (e). On the other hand, there are some defects observed only in a dark-field image
(101 spot) as shown in Fig. 43.4.-1 (d). They can be seen in a dark-field image (101 spot) but
invisible in bright-field and dark-field images (002 and 200 spots). The 101 spot is a
superstructure spot which reflects the ordering of Fe/Mo atoms in B’/B” site. Therefore, defects
observed in a dark-field image (101 spot) only, are reasonable to conclude disturbances of
ordering of Fe/Mo atoms, i.e., defects originate from APB. The APBs are indicated with arrows
in schematic Fig. 4.3.4.-1 (e). This direct TEM observation revealed the existence of APBs that
were expected by Mossbauer measurements, see section 4.3.3.-1. These results demonstrated that
the assignment of component AP as APB is reasonable.

Fig. 4.3.4.-1 Electron microscopic observations of antiphase boundaries. (a) bright-field image, (b) dark-field
image (002 spot), (c) dark-field image (200 spot) and (d) dark-field image (101 spot) for the Sr,FeMoQOg sample. The
image is taken with an incident electron beam of the [001] direction. (e) schematic drawing for the corresponding
crystal grain. :

Since APB is a crystallographic defect, APB may act as pinning site that might affect
the magnetic boundaries/domains in the structure of sample. By combining the results of
observations of magnetic domain boundaries and APB, the relationship between them was
studied. The results of correlation between APB and magnetic domain boundaries in a
Sr,FeMoQg grain are shown in Figs. 4.3.4.-2 (a) to (e). Fig. 4.3.4.-2 (a) shows the same figure as
Fig. 4.3.4.-1 (d), a dark-field image (101 spot) taken with an incident electron beam of the {001]
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direction indicating APBs. The magnetic boundaries are shown in Figs. 4.3.4.-2 (b) and (c) in
accordance with the Fresnel method. Figs. 4.3.4.-2 (d) and (e) show the magnetic domains
applied by Foucault method. All the observations were performed in the same grain, in the same
position. Considering all the results, it can be seen that magnetic boundaries/domains and APB
correlate each other, ie., magnetic domain boundaries are “trapped” by APBs as shown by
arrows in Figs. 4.3.4.-2 (a) to (¢). This implies that APBs have a possibility to work as weak
pinning site. If this pinning site is realized, the physical properties might be influenced because
the magnetic boundaries/domains in the sample grain are changeable through the changes in
position/concentration of APB.

Fig. 4.3.4.-2 Correlation between antipahse boundaries and magnetic domain boundaries in a Sr,FeMoOs grain.
(a): dark-field image (101 spot) taken with an incident electron beam of the [001] direction. Arrows indicate the
positions of antiphase boundaries. (b) and (¢): Lorentz microscopic images by the Fresnel method. The images were
taken with the over-(b) and under-(c) focus modes. Magnetic boundaries are indicated with arrows. (d) and (e):
Lorentz microscopic images by the Foucault method. The images were taken with the over-(d) and under-(¢) focus
modes. Magnetic domain boundaries are indicated with arrows.

4.3.5. Electromagnetic Properties
4.3.5.-1 Electric Properties

Temperature dependence of resistivity is shown in Fig. 4.3.5.-1-1 for the present 4 = Ba,
Sr and Ca compounds synthesized by the oxygen-getter-controlled low-Os-pressure
encapsulation technique. Samples show essentially metallic characteristics in accordance with

the previous reports.
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Fig. 4.3.5.-1-1 Resistivity measurements as a function of temperature and applied magnetic field (zero field and 7
T) for the Ba,FeMoOg, Sr,FeMoQs and Ca,FeMoQgs samples synthesized by the oxygen-getter-controlled
low-O,-pressure encapsulation technique.

Outstandihg features of transport properties of A;FeMoOg are high residual resistivity
at low temperatures and much weaker temperature dependence than conventional ferromagnetic
metals [36,47,74,87,88]. Thus, this system is deducible to be unique magnetic material [36]. It
has been reported that insulating [17,43,89], semimetallic or metallic [43] Sr,FeMoOg samples
could be obtained from various annealing conditions as shown in Fig. 4.3.5.-1-2. Since the charge

and Mo" combination is expected to give rise to insulating properties only,

ordering of the Fe
the observation of various conducting properties is quite unusual. An insulating Sr,FeMoOg was
obtained from a post-annealing of metallic sample in a vacuum-sealed quartz tube [89] thus this
behavioral change would be originated from the improvement of conductivity of the

grain-boundary or from the homogenization of the composition [43].
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Fig. 4.3.5.-1-2 Temperature dependence of resistivity measured at various external fields for the Sr,FeMoOj
samples synthesized by different synthesis conditions. At zero field, samples A, B and C exhibit insulating,
semimetallic and metallic properties, respectively [43].

It was found in the Ba;FeMoOs sample that the temperafure dependence of resistivity
was affected by the grain size [71]. The p-T indicated a metallic behaviour for the various
grain-sized Ba;FeMoOg samples but the magnitude of p decreased with an increase in the grain
size. The observed large variation of p values would be derived from a consequence of grain
boundary scattering originated from the different grain size. That is, a sample possessing a larger
grain size showed better connectivity between grains than a smaller sized sample. This suggests
that an intergrain resistivity becomes lower for a larger sized sample. The conductivity was also
found to depend sensitively on the precursor history and annealing time in the Sr;FeMoOg
sample [43]. The importance of the thermal treatment was also revealed in the CayFeMoOyg
exhibiting the resistivity values in the range of 1-10000 mQm by various heat treatments [11].
These reports demonstrated that the synthesis conditions of samples ought to strongly affect the
conductivity properties of 42FeMo0Og compounds. Furthermore, different synthesis conditions
generate various values of degree of Fe/Mo order, S, in this compound [90] thereby the various
conductivity properties have been reported in accordance with variety values of S.

It has been well established that the substitution of different sized cations into the 4 site
of 4’MnOQj; exerts a chemical pressure on the system. This chemical pressure induced by the
isovalent substitution causes changes in physical properties of 4’MnOj3 system such as value of
Tc and CMR property [21,32,91]. It is natural to consider that the isovalent substitution at 4 site
might generate an influence on the electric property in the 4,FeMoOg system, also. Actually,
r(SrH) and lattice parameters of Sr,FeMoOs showed intermediate values between those of Baand
Ca thus it would be possible that the Sr compound shows intermediate conducting properties
such as metallic/semiconducting behaviour depending on the synthesis conditions [l9,30j.

105



Besides, Ba;FeMoQg, Sr,FeMoOg and CaFeMoOg have the positive temperature coefficient of
resistivity indicating a feature of metallic characteristic but absolute values of resistivity of these
samples are different [11]: A polycrystalline Ca;FeMoOg sample exhibited a metallic behaviour
dver the whole temperature range [22] and the observed paoox, o) of 1.8 x 10* Qcm was the
smallest value compared to that of the Ba and Sr samples, Z.e., PEook, 0Ty = 2 X 107 and 8 x 1073
Qcm, respectively [22,46,92]. This tendency agrees with the present results displayed in Fig.
4.3.5.—1—1 that CaFeMoOg haS the smallest absolute values of resistivity over the whole
temperature range. Other two samples have a different trend compared to above-mentioned case:
the magnitude of resistivity seen in Sr is closer to that of Ca, rather than Ba, in the present study.
It was proposed [22] that the resistivity of the Ba;FeMoOg and SroFeMoQOg samples would be
dominated by the carrier scattering at the grain boundaries inducing the high p values. This
suggestion was experimentally demonstrated. The (001)-oriented single crystal of Sr,FeMoOg
thin film showed about two orders of magnitude higher conductivity than that of a
polycrystalline phase [17,20] implying the transport property of polycrystalline SroFeMoOg is
dominated by a strong electron scattering at the grain boundaries [20].

Although #(4"™) dependence of the conductivity property has not been theoretically
explained in 4,FeMoOQs, an electronic itinerancy is considered to be one of the crucial factors for
conductivity: in spite of highly distorted structure of the Ca)FeMoQg and a consequence of lower
degree of orbital overlapping, a good metallicity was observed in this material suggesting an
importance of electronic itinerancy. The higher the degree of electronic itinerancy would be, the
better is metallicity in the 4,FeMoQOg compounds [22].

4.3.5.-2 Magnetic Properties

Fig. 4.3.5.-2-1 represents the temperature dependence of magnetic moment for 4 = Ba,
Sr and Ca compounds synthesized by the encapsulation technique measured under an external
field of 0.5 T. In the low temperature region, all the samples show the features of spontaneous
magnetization deriving from the magnetic ordering. At higher temperature such as around 330 ~
380 K, the magnitude of magnetic moment of Ba and Ca samples drastically decreases. This
reveals a destruction of magnetic ordering, while paramagnetism appears. For the Sr sample, the
paramagnetic behaviour can not be seen up to 400 K, at which the maximum-measurement
temperature of SQUID apparatus, thus 7¢ value of this compound is clearly the highest among
these samples. Obviously the 4;FeMoOg and A FeReOg ordered perovskites are very similar
compounds. The T¢ for 4,FeMoOg and A,FeReO¢ with 4 = Ba are nearly the same, 330 K [26]
and 300 K [93], respectively. In the Sr composed samples at A site, 420 K [43] and 405 K
[93,94] were reported for both ther B” = Mo and Re samples. The values of 7¢ for CaFeMoOsg
and CaFeReOg however, show a large difference, i.e., 320 K [22] and 540 K [30,93-95],
respectively. These magnetic ordering temperatures are much higher than any other ordered
perovskites possess regardless of whether ferrimagnetism or antiferromagnetism is considered

106



[29]. All the compounds showed T¢ values of 378-418 K from the paramagnetic inverse
susceptibility ™' in the isovalent-substituted (Sr1xCax)2FeMoOg samples [33]. It is known that
Tc values are strongly affected by the synthesis conditions even in the same compositional
samples but a tendency to decrease 7¢ values with substituting Sr by Ca can be seen, generally.
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Fig. 4.3.5.-2-1 M-T curves for the Ba,FeMoQs, Sr.FeMoOg and Ca,FeMoOg samples with the applied magnetic
field of 0.5 T.

Even though influences of #(4") by the isovalent substitution at 4 site on the Tc in the
A;FeMoQg system has not been clearly understood, it can be seen causal relationships. From a
study of the 7¢ value and crystallographic structures as a function of the average ionic radius of
r(AH) in the 4,FeMoQOg (4 = Ba, BaSr, Sr and Ca) system, the symmetry of the structure
increased as #(4") increases [21,26]. This effect causes an impact on structural parameters which
are important for the electronic structure and consequently for the electron hopping [21]. The
electronic band width/strength of the electron hopping, W which is sensitive to the structural
parameters might be an influential parameter on the 7¢ values [26]. In the case of single
perovskites, 4BX;, the empirically obtained formula of W has been successfully employed
[96,97] as

COSw
W ~ 35 .
d’p-x (4.3.5.-2-1)

where o is the tilting angle, i.e., given by ® = (n — <B-X-B>)/2, and dp-yx is the bond length
between cation B and anion X, In the A,FeMoOg system, the #(4") dependence of the band width
W and of the T¢ value clearly showed that a remarkable correlation between the values of W/7¢
and #(4") [21,26] as shown in Fig. 4.3.5.-2-2. |
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Fig. 4.3.5.-2-2 Electronic bandwidth, ¥, and the Curie temperature plotted against the average ionic radius <r,>
[26].

By increasing chemical pressure with the composition from Ba,FeMoOg to
(Sro9sCags)2FeMoQg, bond angles of Fe-O-Mo and Mo-Mo did not change drastically
maintaining about 180° [21]. On the other hand, decreases in bond lengths of Fe-O-Mo/Mo-Mo
induced by the pressure and thus an increase in the value of W may be realized. This agrees with
the enhancement of 7¢ observed for these compounds [21]. Upon further increasing chemical
pressure from (Sro95Cap gs)FeMoQOg to CaFeMoQg, not only bond distances but also bond
angles would be largely influenced by the changes in the structure. Since the electron hopping
can be reduced in CayFeMoOg sample with monoclinic structure, the value of 7¢ in the
CasFeMoOs ought to be decreased. In the p-T property revealing a good metallicity of
CaFeMoOg described in section 4.3.5.-1, the low resistivity value of this compound was
attributed to the high degree of electronic itinerancy. On the other hand, above discussion claims
the decreases in the electron hopping induces the suppression of 7¢ value of CaFeMoOg in the
(S1,Ca) 2FeMoOg regime. These considerations seem to have some contradictions because
materials with high electronic itinerancy probably have strong electron hoppings. Thus, the
discussion of the electromagnetic properties from the respect of electronic itinerancy
only/electron hopping only, might be too simple in the 4,FeMoOg materials.

The external-field dependence of the magnetic moment, i.e., Moment-H curve, was
measured for all the samples synthesized by the oxygen-getter-controlled low-O;-pressure
encapsulation technique as shown in Figs. 4.3.5.-2-3 (a) to (c).
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F ig. 4.3.5.-2-3 Field dependence of the magnetic moment, M, for the (a) Ba,FeMoOys, Sr,FeMoOg and Ca,FeMoO,
(b) (Sro2Bagg)FeMoOs and (Sro,Cagg),FeMoOs, and (c) (SrggBaga).FeMoOs and (SrysCags).FeMoO, samples
measured at 5 K, respectively. All the samples are synthesized by the oxygen-getter-controlled low-O,-pressure
encapsulation technique.

Basically, the magnetic behaviour of all the samples are quite similar. Extremely tight hysteresis
loops representing a low remanence M,, small corecivity H; (the value of H,; has been reported
less than 160 Oe [33] in a literature, but it is hard to determine the value in this study) and the
attainment of saturation moment within a low applied field are observed in all the samples at 5 K.
This suggests that the samples in this system are soft magnetic materials. BayFeMoOs is
considered to be magnetically soft because a steeper increase in the low-field magnetization of
the Ba sample than those of the SrFeMoOg and CaFeMoOg samples has been generally
observed from the M-H measurements [21]. The M-H curves measured at various temperatures
exhibited that this system to be magnetic even at room temperature. Fig. 4.3.5.-2-3 (a) displays
the M-H curves of the present A,FeMoOs with A4-site elements consisting of Ba, Sr and Ca.(

Similar magnetic behaviour can be seen among these samples but the magnitude of Mg values are
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different. One of the puzzling facts about this system is the wide dispersion of values of the Ms
[73]. The reported values of saturation magnetizations are 3.5-3.9 pp/formula for
(Ba,Sr,Ca),FeMoQg, generally [11] but Mg were reported to vary from ~ 2.6 to 3.7 pg/formula at
16w-temperature for Sr compound due to different synthesis conditions among samples [17,50].
In the case of Ca,FeMoQOs, Mg value is usually reported to be ~ 3.6 pp/formula at low
temperature [e.g.,22,40] which agrees with a result obtained in this study (see Fig. 4.3.5.-2-3 (a)).
Ba sample possesses the highesf Mg value, whereas Sr and Ca samples show closer values in Ms
in the present measurements. According to a research [21] for the 4,FeMoQOg samples consisting
of 4 = Ba, Sr and Ca, Ba;FeMoOg showed the highest magnetization value under 0.5 T among
three compounds, while Ca;FeMoQOg showed the smallest magnitude of the magnetization. In the
case of Sr sample, the magnetization lain in between those of Ba and Ca which is a similar trend
to the p-T property of Srp,FeMoQOg compound mentioned in section 4.3.5.-1, i.e., SrpFeMoOg
possibly shows intermediate conductivity properties. The study reporting the magnetic behaviour
of Sr sample and the results observed in the present magnetic measurements can be regarded the
same tendency. Moreover, Mg value was determined at 3.5 pp/formula in the (Sr).xCay),FeMoOg
(0 £x <0.5) samples at 5 K [33]. This system showed the magnetization increased from x = 0 to
0.25 and then slightly decreased from x = 0.25 to 0.5 from the M-H measurements [45]. It would
be possible to attribute the complex behaviour of M-H characteristics in these phases to the
reduction of Fe-O-Mo bond angle [45] as also suggested in the chemical pressure dependence of
T¢ value in this system, described in above paragraph.

Figs. 4.3.5.-2-3 (b) and (c) represent the correlation between moment and applied field
of (4’93S1r92)2FeMoQg and (4’2810 8):FeMoQg samples with 4” = Ba or Ca, respectively. These
results agree with Fig. 4.3.5.-2-3 (a) since the magnitude of magnetic moment of Ba samples
always larger than that for Ca. This tendency may originate from the isovelnt effect at 4-site
cation. When A’ consists of Ba or Ca, the average ionic radius at 4 site varies larger in
(A04Sr02),FeMoQg samples rather than in (4’(2Srog),FeMoOg samples. This is well
demonstrated in Figs. 4.3.5.-2-3 (b) and (c). The larger the difference of average ionic radius at 4
site is, the larger is the difference of the magnitude of magnetic moment of Ba and Ca samples.
Further detailed discussion about the My values and constituents of A-site cation spieces was
already described in section 4.3.3.-2.

In addition to the effects of isovalent substitution at 4 site on the My value, another
crucial factor for the magnitude of My is ordering state of B site, i.e., degree of order at Fe and
Mo sites. Experimentally obtained M values suggest an antiferromagnetic coupling between the
Fe and Mo sublattices resulting in ferrimagnetic structure [29,53] thereby Mg = 4 pp is predicted
for antiferromagnetic coupled Fe 3d° and Mo 4d' electrons. However, Ms value is commonly
reduced, less than 4 pg, that is believed to be caused by antisite defects arising from
miss-occupancy of Fe sites by Mo species and vise versa [17,53,98,99]. Thus, the superb Ms
value must be arisen from an improvement of B-site ordering [e.g.,100]. It was investigated [98]
for clarifying the origins of various values of Mg in Sr;FeMoOg and concluded that the various
levels of antisite disorder at the Fe and Mo sites induces different values of Ms.
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The antisite disorder was proposed to be located in the surroundings of the
antiferromagnetic Fe-O-Fe antisite patches, that via next near neighbor interactions impede the

complete ferromagnetic ordering of the Fe'l

sublattice in the stoichiometric volume [73]. On the
other hand, another group proposed a different model [33] which consists of two ordered
domains: nucleation of ordered domains in a B-site ordered double-perovskite compound may
order Fe atoms on B’ sites in one domain and Fe atoms on B” sites in another. Where two such
ordered domains meet, an antiphase interface is created across which are antiferromagnetic
Fe-O-Fe interactions. Such interfaces would couple antiparallel the ferromagnetic domains on
opposite sides of the interface. It was concluded that the different domains would be the different
volumes thus there would be a residual magnetization on suppressing the field to zero from the
saturation value. However, as described in sections 4.3.1 and 4.3.3.-2, the evaluated values of the
miss-occupancy of Fe at the Mo sites are quite small in the present synthesized
(Ba,Sr,Ca),FeMoO¢ samples. Therefore, differences observed in M-T and M-H properties can be

mainly originated from the effects of isovalent substitution, in this work.

4.3.5.-3 Magnetoresistivity Properties

Fig.s 43.5-3-1 (a) to (c) show the dependence of MR effect on the strength of applied
external-magnetic field measured at various temperatures for the Ba;FeMoOs, SroFeMoOg and
CaFeMoOg samples synthesized by the encapsulation technique. The magnitude of MR was
calculated from Eq. 4.2.2.-1 with Theq= 5 K and H =7 T. All the MR characteristics clearly
represent tunneling-type MR curves at low temperatures/fields. The magnitude of MR at 5 K for
A = Ba sample is smaller than those for 4 = Sr and Ca, i.e., 14.1 % for A = Ba, and 17.4~17.5 %
for A = Sr or Ca. The difference in the magnitude of MR, MR which is derived from the
halfmetallicity, may be attributed to the difference in the electronic structure/the Ve, value in
Ba,FeMoOs, (closer to Fe) and in Sr;FeMoOg/Ca;FeMoOs (closer to Fe'™). Halfmetallicity in
principle should depend on the electronic structure thereby should also depend on the degree of
valence mixing. Not only the isovalent-substituted system presented in this study but also in the
B-site substituted SryFe(Mo1.xT%)Os (I'= W, Ta and 0 < x <1) systems, with increasing x, i.e., the

decreases in the Fe/™

concentration, the magnetization, the conductivity and 300-K MR
properties, were found to be rather similar in general [35] in both the Ta- and W-substituted
systems. At 300 K Ba,FeMoOjg exhibits a larger MR effect than the 4 = Sr and Ca samples. Thus,
this largest magnitude of MR for Ba sample may originate from CMR effect and it is supported
by the fact that the shape of the MR curve for Ba;FeMoOg at 300 K lacks the typical steep
low-field dependence, while it is still present for the 300-K MR curves of the 4 = Ca and Sr

samples.
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Fig. 4.3.5.-3-1 Field dependence of MR effect for the samples: (a) Ba,FeMoOs, (b) Sr,FeMoOs, and (c)
Ca,FeMoQg, synthesized by the encapsulation technique [V].

Temperature dependence of absolute MR values measured at 7 T for the present 4 = Ba,
Sr and Ca samples synthesized by an capsulation technique are displayed in Fig. 4.3.5.-3-2. TMR
behaviours are observed for all the samples in the low temperature region, whereas MR peaks
observed at high temperatures in Ba and Ca samples would correspond to their magnetic
transition temperatures. This is so-called “CMR effect” at Tc. Two different origins of MR
effects, i.e., the intrinsic intragrain-MR and the extrinsic TMR [92], are seen in the present
BaFeMoO4 and CaFeMoOQg in Fig. 4.3.5.-3-2. The MR effect which possesses a maximum at 5
K decreased with increasing the temperature. This would be a TMR behaviour which is derived
from the tunneling current at the grain boundaries in low field region [15]. In the present
BaFeMoOyg, SrFeMoOg and CaFeMoOg samples, the TMR responses commonly possess the
maxima at 5 K but the magnitude of maxima are seemed to be affected by (4"). Ba;FeMoOg
exhibited the smallest absolute value of the TMR maximum as seen in Fig. 4.3.5.-3-2, whereas
those for 4 = Sr and Ca compounds are similar. This agrees with the resultant obtained by the
p-T property (Fig. 4.3.5.-1-1), i.e., the values of p at whole temperature range are mostly
equivalent for Sr,FeMoOg and CaFeMoOg but that of Ba;FeMoOg is different. The TMR ought
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to correlate the resistivity strongly, thus the observed consistency would be essential and crucial.
Another maximum of MR can be seen ~330 K and ~350 K, respectively, i.e., the vicinity of T,
for Ba and Ca samples in Fig. 4.3.5.-3-2. The second MR maximum can not be a TMR but rather
a scattering reduction of the spin-polarized carries near T, i.e., the intrinsic intragrain-MR. On
the other hand, the present SroFeMoQOg sample shows the first MR maximum only in the MR-T
property implying the absence of intrinsic intragrain-MR in the measured temperature region.
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Fig. 4.3.5.-3-2 Temperature dependence of MR effect for the (a) Ba;FeMoOs, (b) Sr,FeMoOg and (c) Ca,FeMoOs
samples synthesized by the encapsulation technique. Arrows indicate the magnetic transition temperatures
established in published papers for these compounds.

Other than the intrinsic intragrain-MR and exfrinsic intergrain-MR, several “material
parameters” are known to affect the MR properties in 4,FeMoQOg double perovskites. Among the
material parameters, the most influential factor would be a degree of order at B site. For example,
the highest MR ratio appeared in a sample with a low Fe/Mo antisite disorder and the highest
magnetization in the (Sr;xCayx),FeMoOs compounds [34]. A detailed investigation was carried
out [72] by preparing crystallographically ordered/disordered Sr,FeMoOgs specimens and
studying their MR behaviour.
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Fig. 4.3.5.-3-3 Comparisons of MR effect between the ordered and disordered Sr,FeMoQg samples as well as the
result presented in ref. [17] at (a) 4.2 K and (b) 300 K [72].

As can be seen in Figs. 4.3.5.-3-3 (a) and (b), the ordered sample exhibited the sharp MR
responses under the low field at 4.2 and 300 K but no response at low field was characterized in
the disordered sample, though a substantial negative MR was seen in the disordered sample.
Conversely, the MR properties in the two samples at high field were similar being approximately
parallel at both the temperatures which implies that there must be a common intragrain origin of
high-field MR behaviour for two samples. It was attributed the MR response at high field to the
overall magnetic nature of the sample, even in absence of the halfmetallic state. The low-field
MR response however, depends crucially on the halfmetallic ferro(ferri)magnetism. It was
concluded that the origins of the halfmetallic ferro(ferri)magnetic state and the resulting
intergrain spin-dependent scattering are led by the long-range order of Fe/Mo atoms. The
band-structure calculations studied by the same group showed [72] that a metallic state in the
disordered system, though the system remains to be a ferrimagnet. It was argued that the
halfmetallic ferro(ferri)magnetic ground state is not realized for any disordering of the Fe and
Mo sublattices. Besides, grain boundaries are one of the material parameters which affect the
MR characteristics. The barriers between two grains were controlled by the post-annealing
treatments to improve the low-field MR [15]. Through the attempt, a drastic degradation of both
the p-T property (from metal to insulator) and of magnitude of resistivity was achieved. This
demonstrates the suppression of the quality of grain boundaries. By the post-annealing
treatments, the low-field TMR was enhanced but the intragrain MR characteristics were
maintained. The results obtained by this study would be one of the evidences for the field
dependent tunneling of carriers through the grain boundaries in the 4,FeMoOg system ‘[15]. In

relation to the grain-boundary effects on the MR, a polycrystalline CaFeMoOg sample
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possessing a good connectivity (it is because the sample has a small absolute value of the
resistivity) between grains showed an abrupt increase of MR above 270 K, i.e., close to T¢ [22].
In this sample, the grain-boundary effects at lower temperature regime were suggested to be less
influential thereby the intragranular derived MR around 7¢ would dominate in this sample.
Besides, the effect of grain size on MR response has been also clarified. The temperature
dependent magnetization was found to be insensitive to grain size but p-T and MR properties
were affected by the grain size [71], i.e., with decreasing the grain size, the magnitude of p-7 and
the MR value increased. In the MR-T curvature, MR has been enhanced especially at low
temperature for smaller grain sized samples. In the present studied samples in this work, the
average grain size of Ba;FeMoOg was determined to be larger compared to those of Sr,FeMoOy
and CayFeMoOg samples from the plani-metric method. Conversely, Ba,FeMoOg exhibited the
smallest absolute MR value at 5 K under 5 T among the samples consisting of 4 = Ba, Sr and Ca,
as shown in Fig. 4.3.5.-3-1. These observations would imply a correlation between the size of
grain and MR characteristics. However, it might not be explained the MR response from a
standpoint of grain size, only. It is because the average grain size of A= Sr and Ca samples were
evaluated at 2.14 pm and 4.10 pum, respectively but those compounds possess quite similar
absolute values of MR at 5 K under 5 T, as can be seen in Fig. 4.3.5.-3-1. Another group claimed
[43] that SrpFeMoOg samples with various conductivity properties obtained by different
synthesis conditions showed different MR effects, i.e., a metallic Sample exhibited a negligible
MR effect, whereas significant MR response were detected for semimetallic and insulating
samples. This might represent an interrelation between the grain size derived from various
synthesis processes and MR characteristics, also. In the actual materials, a balance of intrinsic
intragrain-MR, extrinsic intergrain-MR and material parameters mentioned above would
determine the MR characteristics in this system.

Furthermore, the low-field TMR in the polycrystalline 4,FeMoOs compounds have a
high tunability by means of isovalent substitution at 4 site [21]. Through out a study of
polycrystalline (Ba,Sr,Ca),FeMoOgs compounds, it was found that the optimal value of low-field
TMR among all the samples was observed for a sample in the composition of
(Srp2Bagg)FeMoOg. The low-field TMR varied nonmonotonically with the variation of
chemical pressure in both (Sr.Cax)FeMoOs and (SriyBay)FeMoOg regions. In a series of
(Sr1xCax)rFeMoQg, the low-field TMR was maximized at the composition of
(Srp.95Cag,05)2FeMoQOg but the absolute value of low-field TMR is relatively small in comparison
with that of (Srg2Bagg),FeMoQg. This study revealed a tendency that the absolute values of
low-field TMR were relatively small in the (Sr;,Cax),FeMoOg series compared to those of
(SriyBay),FeMoOs samples. However, effects of isovalent substitution at 4 site on the MR has
not been well established yet in the in the 4,FeMoQOg system.
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4.3.5.-4 Interrelation Betweem Magnetic Properties and Magnetoresistivities Derived
by the Halfmetallicity

Figs. 4.3.5.-4-1 (a) and (b) show the field dependence of MR effect/the magnetic
moment for these samples. Steep negative MR behaviours at low field region are observed for all
the samples at 5 K (Fig. 4.3.5.-4-1 (a)). These drastic decreases in the MR values well correspond
to a steep increasing of the magnetic moment at low field region as shown in the lower figure of
Fig. 4.3.5-4-1 (a). Even at room temperature, steep negative MR and corresponding steep
increases in the magnetic moments are observed for 4-cation constituents of Sr and Ca samples,
as shown in Fig. 4.3.5.-4-1 (b). It has been reported [101] that a sharp drop in the MR at the low
field corresponds to that associated with of magnetic-domain-rotation process in the
magnetization curve. On the other hand, the high field reduces the magnetic scattering by
aligning the spins thus the resistivity decreases slowly with increasing magnetic field thereby the
MR curve has the gentle slope [101]. In Fig. 4.3.5.-4-1 (b), the MR behaviour of Ba sample is not
steep but rather round and the absolute value of MR at 5 T is the largest among the samples,
while Mg value at 5 T is the smallest at 300 K. Thus, the magnetic transition temperature of this
sample is close to the room temperature. Fig. 4.1.2.-1 well explains the experimental results
demonstrated in Figs. 4.3.5.-4-1 (a) and (b).
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Fig. 4.3.5.-4-1 Field dependence of magnetoresistivity and magnetic properties for the Ba;FeMoQg, Sr,FeMoOs
and Ca,FeMoOg samples measured at (a) 5 K and (b) 300 K. The fixed experimental condition is employed for

MR-H and M-H measurements: the scanning in field steps of 0.05 T from H=0to 1 Tand of 1 Tform H=1t0 7 T,
respectively.
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The detailed electromagnetic properties in the 4,FeMoOs (4 = Ba, Sr and Ca)
synthesized in this work were studied in order to establish an interrelation between transport
properties and magnetic properties. In the case of 4 = Ba sample, TMR behaviour is seen from 5
K to 250 K as shown in Fig. 4.3.5.-3-2. However, the maximum value of MR was observed at 325
K and it suppresses rapidly higher than 325K. At 375 K, MR behaviour is mostly disappeared.
The field dependence of the magnetic moment of 4 = Ba sample at 325 K and 375 K are shown
in Fig. 4.3.5.-4-2. The spontaneous magnetic moment is observed at 325 K but the magnetic
curvature is quite ambiguous suggesting that the sample is in the border of paramagnetism and
ferrimagnetism (ferromagnetism). Thus, the magnetic moment at 5 T is low, i.e., less than 2
us/fu. The M-H curvature obviously shows that the sample is in the paramagnetic state at 375 K.
This is in good accordance with the feature of MR at 375 K. Since the T¢ value of BayFeMoOg
has been well established [92] to be around 330 K, the observed strong suppression of MR value

and paramagnetic characteristics are reasonable.
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Fig. 4.3.5.-4-2 M-H curves for the Ba,FeMoO, sample synthesized by the encapsulation technique.

For the case of Sr,FeMoOg, even though the M-H curvature is dull compared to that of low
temperature, the spontaneous magnetic moment can be observed even at 375 K originating from
the magnetic ordering as shown in Fig. 4.3.5.-4-3. This result is consistent with the MR bahaviour
exhibited in Fig. 4.3.5.-3-2, i.e., it can not be seen the maximum MR value up to 375 K. From Fig.
435.-3-2, TMR behaviour can be seen, at least, up to 325 K for this sample. Obtained
experimental facts from the MR-T and the M-H suggest the sample with 4 = Sr would have
higher T¢ value than 7'= 375 K. This supports well established fact that the Sr,FeMoOg has T¢ ~
415 K [17].
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Fig. 4.3.5.-4-3 M-H curve for the Sr,FeMoOs sample synthesized by the encapsulation technique.

An obvious TMR effect was observed up to 7'~ 300 K in the case of 4 = Ca compound, as
implied in Fig. 4.3.5.-3-2. At the MR maximum temperature, i.e., 350 K in the Fig. 4.3.5.-3-2, an
ambiguous behaviour of the magnetic moment was obtained, as represented in Fig. 4.3.5.-4-4.
The figure shows that this sample is still magnetic state at 350 K. This is reasonable because the
T¢ value of Ca;FeMoOg has been reported to be ~380 K [22]. At 375 K, the suppression of MR
value resulting in the randomly oriented spin moment was revealed from Fig. 4.3.5.-3-2. However,
the M-H curve at this temperature shown in Fig. 4.3.5.-4-4 exhibited small and ambiguous but
clear spontaneous magnetic moment. These experimental results observed by MR-T" and M-H at
375 K are contradiction. In the M-H measurement process by means of SQUID, even a small
portion of magnetic moment can be detected as a magnetic signal, while the detection limit of
magnetic moment of PPMS apparatus is insensitive than that of SQUID. Thus, the spontaneous
magnetic moment observed in M-H properties measured by SQUID might be originated from
some impurity phases with the magnetic moment in the Ca;FeMoQOg compound but it is not an
intrinsic property of this compound. From the M-T and M-H measurements, it was found [22] the
existence of a weak ferromagnetism with a significant saturation moment of 0.07 pg in the
polycrystalline CaFeMoOg sample at 700 K. They could not determine the origin of this
anomalous but it could be due to a small impurity of Fe;04 or Fe metal or FeMo alloy which
present as small particles with amorphous state probably. Therefore, the spontaneous magnetic
moment seen in Fig. 4.3.5.-4-4 might be originated from the impurity phase(s) mentioned above
which could not be detected by the diffraction methods in the present Ca,FeMoQOg sample.
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Fig. 4.3.5.-4-4 M-H curves for the Ca,FeMoQg sample synthesized by the encapsulation technique.

Generally, MR originating from the spin-polarized tunneling at the grain or magnetic
domain boundaries is possible to scale by the (M/Ms)2 [5,17,19,20,101]. In the BaFeMoOg
sample, MR was proportional to the (M/Ms)® at room temperature [101] suggesting the origin of
MR in the spin-polarized tunneling. An detailed investigation for general patterns that explain
the low-field MR at low temperatures in the A,FeMoQOg system clarified a relationship between
MR effect and magnetic moment [73]. In this study, a broad set of 4,FeMoOg samples through
different synthesis routes have explored. It was found that there are two different regimes in the
behaviour of the measured R(H)/R(0) versus H: MR with a steeper slope in the low-field region
(H <2 T) and the high-field MR effect with a less pronounced slope. The low-field MR per unit
of applied field vs Mg was plotted because differences between samples were prominent in the -
differences of low-field MR rather than in the high-field behaviour shown in Fig. 4.3.5.-4-5. It can
be seen an essentially linear dependence of low-field MR on Ms.
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Fig. 4.3.5.-4-5 Low-field MR (LFMR) per unit of applied field versus saturated magnetic moment, Ms [73].

The study claimed that this dependence is further connected with the relative degree of antisite
disorder at the B site. This was explained in terms of a spin dependent crossing of intragranular
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barriers originated from the presence of antiferromagnetic SrFeOj; patches that naturally develop
when antisite disorder occurs in the double perovskites. The presence of a moderate levels of
1antisite disorder would be at the very root of low-field MR in 4,FeMoQg¢ double perovskites. The
scattering of (M/Ms)* as a function of the field confirms an electron spin dependent crossing of
barriers as the mechanism responsible for the low-field MR [17,73]. The observed dependence
seen in Fig. 4.3.5.-4-5 further correlates to relative ordering of Fe and Mo as seen in Fig. 4.3.5.-4-6.
In contrast with the remarked dependence of low-field MR on M, high-field MR was found to
be independent of the Mg value. Furthermore, based on experimental facts only, the low-field
TMR can be enhanced as 4,FeMoQOg materials become magnetically soft [21].
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Fig. 4.3.5.-4-6 LFMR per unit of applied field as a function of percentage cation disorder [73].

4.3.5.-5 The Dominating Factors for the Type of Magnetism and for the Magnetic
Transition Temperatures in the B-site Ordered Double-Perovskite Systems

As described in the previous sections, A;FeMoQOg shows various complicated magnetic
characteristics that can not be explained theoretically. General B-site ordered double perovskites,
ie., A2B’B’0q, as well as A,FeMoOg have extensive types of magnetism such as ferrimagnet,
antiferromagnet, paramagnet, spin glass and coexisting with ferromagnet and antiferromagnet in
a sample. The previous investigations reported that the ferrimagnetism are established for
example, 4,MnReOg, 45NiReOg, A2FeReOg (4 = Ba) [29,30], A2CrMoOg (4 = St, Ca) [30,102],
A,CrReOg (4 = Sr, Ca) [30,103] and ALaMnReOg (4 = Ba, Sr, Ca) [30,104], while the
antiferromagnetic characters were found in, e.g., 4,CoReO¢ (4 = Ba) [29,30], A,FeWO4 (4 = Sr)
[33,105-107], A2MnMoOg (4 = Sr) [19,24,75,108,109], 4,CoMoQs¢ (4 = Sr) [19,24,108,109].
Other group however, claimed that 4,MnMoQOg (4 = Sr) and ACoMoQOs (4 = Sr) are
paramagnetic compounds [75]. 4,B’B”O¢ with B> = Cr, Fe and B” = Mo, W and Re
[11,29,54,102,103,110], 4;FeReOg (4 = Sr) and A4>,CrMoQOs (4 = Sr) were reported to be
ferromagnetic [24], against the previous reports on ferrimagnetism for these compounds which is
mentioned above. The types of magnetism of these compounds and related magnetic properties,
e g., values of T¢c and Ty efc., have not been systematically classified in terms of general sample
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compositions. In order to obtain some sort of rules for the type of magnetism and revealing the
origins of complicated magnetic properties in the B-site ordered double-perovskite compounds,
multivariate data analysis was carried out. It is because clarifying these rules and origins may
provide us with an apparent indicator for tailoring desirable materials, e.g., compounds
possessing high magnetic-transition temperatures, from a standpoint of industrial application.

In the initial stage of analysis, crucial structural parameters (X variables) for the type of
magnetism of A4,B°B”0s were extracted by means of PLSDA analysis. A list of observations
which consist of ferrimagnets, antiferromagnets and paramagnets for the PLSDA study is
tabulated in Table A.3.-1 (see Appendix A.3.). Two groups were categorized, i.e., magnetic
compounds consisting of ferri/antiferromagnetic phases and paramagnetic phases. All the basic
structural data of these phases were reported in the published papers on the basis of the
neutron/x-ray diffraction studies measured at room temperature. The extended structural
parameters such as values of bond valence and BVS were calculated from the atomic positions
and space groups efc. in the published literatures, while the ionic radii of cations were referred
from a paper reported by Shanon [111]. The obtained score plot of PLSDA analysis which
represents an interrelation between observations is shown in Fig. 4.3.5.-5-1 with the reliability of
this analysis of ~73 %. Two distinct groups which consist of the magnetic compounds and the
paramagnetic compounds are clearly seen in the figure. Though several paramagnetic
compounds are groﬁped in the magnetic phases as dispersions of ‘the analysis, it would not be
serious because the majority of paramagnetic compounds are well analyzed in the same group
and are well distinguished from the magnetic group.
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Fig. 4.3.5.-5-1 PLSDA score plot for the structural data of various B-site ordered double-perovskite compounds.
The plot explains relationships between observations. Each observation is represented by number (see, Table
A.3.-1): blue marks are magnetic compounds, whereas red one represents paramagnetic compounds.

Through out the PLSDA investigation, ionic radius of B, valence of B”, bond length
between B”-O and valence of B’ were concluded to be the dominating X variables in this order
for the type of magnetism of B-site ordered double perovskites. Note that this issue was analyzed
in terms of “objective” structural parameters only without taking into account theoretical
parameters such as electron-hopping strength, effects of exchange interactions or superexchange
interactions efc. In spite of ferromagnetism/ferrimagnetism in the 4,FeMoQOg has not been
determined, this compound is classified as ferrimagnetic compound in the study of multivariate
data analysis because a consideration of ferrimagnetism of this compound has been gaining
ground, rather than ferromagnetism.

After the important structural parameters for the type of magnetism in the B-site
ordered double-perovskites were clarified, key structural factors for the superb 7¢ values of
ferrimagnetic 4,8°B”0Og were tried to extract by PLS analysis based on the resultants of PLSDA
study. Table 4.3.5.-5-1 shows ferrimagnetic observations utilized for the PLS investigation. Since
a condition of the observation selection is very restricted in the present study, i.e., observations
for the analysis were selected when they have detailed/precise structural information and T¢
values measured at 300 K, the number of observation is quite small unfortunately. '

122



Table 4.3.5.-5-1 List of observations for the PLS analysis.

Number Obsevation Reference

1 Ba,FeMoOs  |J. Magn. Magn. Mater. 242-245, 747-750 (2002).
2 Ba,FeReOg  |J. Phys.: Condens. Matter 12, 965-973 (2000).

3 Ca;FeMoO;  |Chem. Mater. 12, 161-168 (2000). |

4 Ca;FeReOg  |J. Phys.: Condens. Matter 12, 965-973 (2000).

5 CagFeqo4MoOs  |I. Phys.: Condens. Matter 12, 8295-8308 (2000).
6 Sr,CoMoOsgs  |Chem. Mater. 14, 812-818 (2002). |
7 S,CtMoOg  |J. Solid State Chem. 155, 233-237 (2000).

8 SrFeMoOg  |Phys. Rev. B 62, 14197-14206 (2000).

9 SrFeMoOs  |Phys. Rev. B 62, 14197-14206 (2000).

10 SrFeMoOs  |Phys. Rev. B 62, 14197-14206 (2000).

1 SFeMoOg  |Phys. Rev. B 61, 422-427 (2000).

12 | StyFe.97Mo0p.040s.51 |J. Phys.: Condens. Matter 12, 8295-8308 (2000).
13 Pb,MnReOg  |Chem. Mater. 15, 668-674 (2003).

Fig. 4.3.5.-5-2 represents a definition of O(1), O(2) and O(3) positions for the present
analysis in a general unit cell of double-perovskite which has three non-equivalent oxygen
positions. In the case of cubic symmetry, all the oxygen atoms exist in the same site, whereas

tetragonal/monoclinic samples have two/three distinct oxygen positions.

o(1)

0@2)

0(3)

Fig. 4.3.5.-5-2 Definition of O(1), O(2) and O(3) positions for a compound with three non-equivalent oxygen sites
in the present multivariaie data analysis.

A list of structural parameters adopted for the analysis is tabled in Table 4.3.5.-5-2. More
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detailed structural factors were employed for this analysis than a case of PLSDA because crucial
X variables for the type of magnetism in this system have already revealed in the previous
analysis. Thus, X variables are composed of detailed structural parameters and a value of T¢ is
settled on Y variable as a response variable. A score plot obtained by the analysis is displayed in
Fig. 4.3.5.-5-3.

Table 4.3.5.-5-2 List of original variables and their explanations for the PLS analysis. All the variables are
composed of structural-derived parameters only. “X” and “Y” represent cause/response variables, respectively.

Variable Explanation
rd), r(B’),r(B”) Ionic radiiof 4, B’ and B”’
AV.r(B’,B”) (Average) ionic radius of B’ and B”’
V(B?), V(B”) Valences of B’ and B”’
V(B )svs, V(B )avs Valences of B’ and B’ calculated by BVS method
V(B pvs-2.5 Valence difference fiom 2.5 for B’ (calculated by BVS method)
a,b,c Lattice parameters
t.f Tolerance factor
A-0(1), 4-0(2)
X B’-0(1), B’-0(2), B’-0(3) Cation-oxygen bond lengths
B”’-0(1), B*’-0(2), B”’-0(3)
A-0,B’-0,B”’-O (Average) caion-oxygen bond lengths
B’-O(1)-B”’, B>-O(2)-B”’, B>-O(3)-B** |Cation-oxygen bond angles
B’-O-B” (Average) cation-oxygen bond angle
s4-0(3)
sB’-0(1), sB’-0(2), sB’-0O(3) Cation-oxygen bond valences
sB*’-O(1), sB*’-O(2), sB”’-0(3)
s4 -0, sB’-0, sB”’-O (Average) cation-oxygen bond valences
Y Tc Magnetic transition temperature for ferrimagnetic compounds
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Fig. 4.3.5.-5-3 PLS score plot for the ferrimagnetic B-site ordered double perovskites.

In the beginning of PLS, the analysis was tried for 40 observations of ferrimagnetic compounds
but it was found there are many outliers due to unreliable and inaccurate structural data through
out the analyzing process. All the outliers were excluded from the observations in order to obtain
reliable analysis results. Thus, only 13 compounds which would be a minimal number of
observations were utilized for this study. All the observations are well dispersed in the score plot
suggesting that there are various characteristics in the observations which is composed of various
compositions. On the other hand, compounds consisting of the same composition represent
similar characteristics, i.e., it can be seen a cluster of Sr,FeMoOg observations in the score plot.
In the present study, there are four different Sr,FeMoQOg observations reported by two different
groups but they show close relationships due to their common compositions. This also
demonstrates that the PLS analysis in this work is reliable. The reliability factor of this analysis
is ~91 %. The loadings plot of the present analysis is shown in Fig. 4.3.5.-5-4. This plot clarifies
cotrelations between variables, i.e., relationships between X- and Y-variables as well as
relationships between X-variables each other, in this study. All the variables utilized for the
analysis are located far from the plot origin and the most of coordinates of each variable in this
plot are independent indicating all the variables are effectively working for the analysis.
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Fig. 4.3.5.-5-4 PLS loadings plot for the ferrimagnetic B-site ordered double perovskites. The plot represents
interrelations between variables.

Fig. 4.3.5.-5-5 shows an interrelation between experimentally obtained 7 values, i.e.,

reported values of T¢ in the literatures, and predicted Tc values from the present PLS analysis. A

good linear relationship was obtained implying that the PLS analysis and the following

prediction is reliable. It was found that the reliability factor of prediction is ~72 %. It should be

noted that T values of the ferrimagnetic 4,8’ B”O¢ compounds were well analyzed and predicted

by structural parameters only, in the same way as the analysis of type of magnetism for
A>B’B”Qg. The highest T¢ value was reported [108] and expected SroCrMoQOg which has a
reported T¢ value of 450 K and the predicted 7¢ value form the present analysis of 457 K,

respectively.
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Fig. 4.3.5.-5-5 Observed versus predicted T for the ferrimagnetic B-site ordered double-perovskite compounds.

The predicted 7 values are obtained from the present PLS analysis, while the observed values are referred from
literatures.

The coefficient plot is shown in Fig. 4.3.5-5-6 which reveals crucial structural
parameters for the 7¢ value in this system. The variables have large coefficients would strongly
affect the value of T¢, while the variables with small coefficients would not be dominant factors
of T¢ value. The obtained results imply that the bond distance between B’ and O, ionic radius of
B”, B’-0(3) and B’-0O(1) bond lengths, ionic radius of B’, bond length between B’ and O(2),
lattice parameter b, valence of B’ and valence of B” efc. may be crucial X-variables for the
determination of T¢ value, in this order.
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Fig. 4.3.5.-5-6 Relative importance of variables in terms of T obtained from the PLS analysis for the
ferrimagnetic B-site ordered double-perovskite compounds.

By comparing the obtained results of PLSDA and PLS analyses, the most dominant
structural parameters are the same, i.e., ionic radius and valence of B”, for the type of magnetism
and the value of T¢. Also, the valence of B’ was found to be one of the most important factors for
both the type of magnetism and the 7¢ value. These agreements seem important because a
magnetic transition temperature of 4,B°B”Qg is derived from the magnetism of the compound.
Generally, the magnetism and the value of Tc must be close relationship in magnetic compounds.
This generalization is demonstrated by the present PLSDA and PLS analyses for the B-site
ordered double perovskites. In the coefficient plot shown in Fig. 4.3.5.-5-6, X-variables
possessing positive coefficients may enhance the value of 7¢ but variables with negative
coefficients would suppress the 7¢ value. For instance, when the ionic radius of B” and valence
of B’ increase the values of T might be risen. Contrary, if average-bond length of B’-O, bond
lengths between B’ and O(1), O(2) and O(3), ionic radius of B’, valence of B” and lattice
parameter b increase Tc value might be decreased in this system. Thus, the present result
indicates that for tailoring a new magnetic 4,B’B”O¢ compound with a high 7¢ value, the most
straightforward way might be selecting a larger sized B” cation, choosing a high valent B’ cation
and designing to “decrease” the B’-O bond length efc. In this study, qualitative evaluation of the
type of magnetism and quantitative modeling for 7¢ value in the 4,B’B”’Os system is discussed
in terms of structural parameters only. In fact, the Curie temperature seems to be controlled by
structural parameters [26] through affecting the electronic bandwidth. Even though the preseﬁt

-accomplishment provide us with just a first step for aims of this investigation, revealing essential
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factors for the type of magnetism/the magnetic transition temperature by means of multivariate
data analysis has not been tried, ever.

4.4, Conclusion

In conclusion of this chapter, the isovalent-cation effect on the electromagnetic
properties and valence of iron in 4,FeMoOg was systematically studied in terms of the ionic
radius of A4 site using samples with 4 = Ba, BaggSrqp, BagsSros, BagaSros, Sr, CagaSros,
Cay 2551075, Cag 58195 Cag75S1r9.25, CaggSro, and Ca [V]. In the sample synthesis by means of an
oxygen-getter-controlled low-O;-pressure encapsulation technique [56], special care was taken
to keep the samples as akin as possible in terms of the grain size (2 to 6 pum), oxygen content
(determined at 5.98+0.02 for samples consisting of 4 = Ba, Sr and Ca: it might be possible to
assign other samples to stoichiometric oxygen content. Thus, the oxygen content was denoted
“6” in this thesis.) and the (high) degree of Fe/Mo order (Sue of ~0.94 for all the samples
studied) which strongly affect the physical properties and the valence of iron.

The electromagnetic properties in particular derived from the halfmetallicity, i.e., MR
effect and the valence mixing of iron, were influenced by the effect of isovalent-cation
substitution at A site [V]. This is reasonable because the MR characteristics and Massbauer
spectra revealed a feature of high degree of halfmetallicity and valence mixing between Fe and
Mo by the chemical pressure at 4 site. Thereby the halfmetallicity induced properties would be
strongly depended on the substitution. A systematic shift from the II/III mixed valence state
towards pure II was observed for Fe with increasing Ba concentration at the 4 site, though even
for the end phase with 4 = Ba a considerable degree of valence mixing was concluded from the
hyperfine parameters obtained from the Mdossbauer measurements. Parallel to the shift of the
valence balance from Fe™™-Mo"""! closer to that of Fe-Mo"", the degree of Fe/Mo order was
found relatively to increase. On the other hand, a significant valence shift was not observed for
Fe with Ca substitution at the 4 site. In this regime, the valence of iron was revealed to be almost
constant up to the end phase with 4 = Ca maintaining the II/III mixed valence state of iron [V].
The valence-mixing state of B site in the present 4,FeMoQg sample manifested by Mdssbauer
and XANES studies [VI] was considered to derive from size-only-dependent effect of cation
substitution at the A4 site. Thereby the density of state of B cations might be varied through the
chemical pressure. From band structure calculations on the basis of the LDA method, density of
states were revealed to clearly represent a halfmetallic feature for the most fundamental
compounds consisting of 4 = Ba, Sr and Ca [79]. An outstanding difference originated from size
difference at A-site cation could be seen in a partial density of state of Mo 44 existing below the
Fermi level. The calculated area of partial DOS of Mo 4d was found to be relatively small in the
case of Ba;FeMoOQg, while those for Sr,FeMoOg and CayFeMoOg were mostly equivalent. Since
decreases in the area suggest a lessen electron density of the Mo 4d state, charge and spin density
of the itinerant electron of Mo 4d tend to be transferred easily to Fe 3d, i.e., transferring from
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Mo to Fe'™, would be a plausible explanation. Through out this shift, the valence of Fe ought to
decrease resulting in closer to II (keeping the valence state of II/III) in proportion to the Vi,
toward VI in the BaFeMoQOg. This resultants were agreed with the experimental facts of
Mossbauer study: the behaviour of isomer-shift value in terms of #(4") was accord with the
results of the area of partial DOS of Mo 4d below the Ey as a function of r(4").

The intergain-magnetoresistivity as well as the field dependence of MR effects
measured at various temperatures which are derived from the halfmetallic characteristics showed
an apparent 4-cation size dependence, also. In the most fundamental members of 4,FeMoOg
which consist of 4 = Ba, Sr and Ca, the intergain-magnetoresistivity responses were commonly
observed possessing its maxima at the lowest temperature in the present study but the magnitude
of maximum was affected by #(4"). Ba;FeMoOg exhibited the smallest absolute value of the
maximum of the intergrain MR from the MR-T curve, whereas those for 4 = Sr and Ca
compounds were similar [V]. Although the presence of a moderate levels of antisite disorder
would be required for low-field MR in 4;FeMoQOg double perovskites [73] and a tendency of
slightly increased the concentration of miss-occupancy of Fe at the Mo site was seen with
decreasing r(4"), the antisite-defect value was found to be small in each sample [V]. Thus, the
degrees of Fe/Mo order would be possible to regard as almost constant for the present samples.
Consequently, the effect of small difference of B-site ordering among samples studied might be
rule out and be possible to conclude that the isovalent-substitution at 4 site would be the most
dominant parameter for the difference in the intergrain MR. The magnitudes of p-T property at
whole temperature range and of M-H/MR-H properties measured at low temperature applying
high field as well as the MR characteristics demonstrated that the relatively equivalent values
were obtained for Sr,FeMoQOg and Ca;FeMoOg compounds in this work [V]. In the BaFeMoOsg,
these property-derived values were dissimilar from those of Sr,FeMoQOg and Ca,FeMoOs. This is
in good agreement with the conclusions of A-site size dependences of V. and of the electronic
structure described above. In the present investigation, these common experimental tendencies
seen in the physical properties related to the halfimetallicity are considered to have their origin of
the cation-size difference at A site by the isovalent substitution. It is because the prominent
material parameters which possibly affect the physical properties and the valence of iron were
carefully fixed in the present work. '

From the material designing and tailoring points of view, the multivariate data analyses
were tried in order to (i) find out some rules and classifications of the type of magnetism based
on the composition of compounds and (i) to obtain an indication for a brand new compound
which has a potential of the industrial application with high magnetic transition temperature in
the general B-site ordered double perovskites. The common parameters were extracted to be
important factors for both the type of magnetism and values of 7¢ such as the valence of B’,
ionic radius and valence of B”. Since a magnetic transition temperature of 4,B’B”Og is derived
from the magnetism of the compound, the results revealing the same parameters as essential
factors for both matters would be reasonable and intrinsic. Even though these issues argued in
the present study were discussed without considering the “subjective factors”, e.g.,
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electron-hopping strength/width, effects of exchange interactions or superexchange interactions
efc., which are often concluded to be important to determine the type of magnetism and/or 7¢ in
the 4,B’°B”0Os system, the variation of structural parameters might also induce the changes in
these theoretical factors, also. Improvement of PLSDA and PLS analyses by increasing a number
of observations is required to obtain more reliable conclusion in terms of the aim of this research.
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5. SUMMARY AND GENERAL CONCLUSIONS

In the present work, revealing the “essence” of isovalent-cation substitution in the
strongly-correlated electron systems was the first objective through out the research. In order to
accomplish this aim, the experiments were planned in such a way that all the other material
parameters remained as little affected as possible. On the basis of knowledge obtained from the
consequences of this study, providing an indication for a new functional material possessing a
possibility of industrial usage was set so as to the final accomplishment of this work. Two target
systems were selected from a standpoint of a material application, i.e., the tunneling-type
magnetoresistance compounds of 4,FeMoOg.,, possessing double-perovskite structure and the
high-T, superconductive compounds of CuBa,RECu,07.5 consisting of triple-perovskite
structure.

Since the mixed-valence states are possible for transition metal/few heavy metals,
perovskite structures often take oxygen non-stoichiometry for tuning the transition-metal valence.
Therefore, the precise determination of the oxygen content of compounds and further, the fine
tuning of the oxygen content and controlling the material properties, i.e., “oxygen engineering”,
is one of the most crucial/interesting topics in the functional perovskite-related compounds [I].

There are three critical factors limiting the practical use of the high-T,, superconductive
materials, i.e., the critical current density (Ji), the critical temperature (7;) and the magnetic
irreversibility-field line [Hix(7)]. By considering these factors, synthesis process and toxicity of
materials, high-T, superconductive materials consisting of Bi and Cu only would have a
possibility for industrial usage in future. Among these critical parameters, effects of
isovalent-cation substitution at A/RE sites on the T, in the CuBayRECu,07.5 system have been
well established. The dependence of Hi, on the isovalent-cation substitution at the RE site has
not been established yet; nevertheless, CuBa, YCu,O5.5 was known to possess the most superb
Hi: characteristics among the present high-7; superconductive materials. Therefore, the
isovalent-cation effect on the Hj, characteristics in CuBayRECu,07.5 with the values of 7-8
ranging from 6.91 to 6.94 (except CuBa,GdCu,O¢5) was systematically studied in terms of the
RE ionic radius in the present study [ILIII]. Through a study of isovalent-RE effects in this
system, it was found that the size of RE crucially controls the Hi, properties. CuBaz YbCuyOs 03
and CuBay(Yy.15Lug.82)CuxOs93 which are composed of the same r(REHI) and the equivalent
oxygen content showed exactly the same Hi, values at all the temperature measured. It was
evident that the H, characteristics were clearly enhanced in a monotonic way in proportion to
decrease r(REHI) and a record-high Hi; value of ~9.0 T was obtained at 77 K in the
CuBay(Ybg ¢Lug4)Cuy0g.92 Which is a compound including the smallest r(REIH) essentially freed
from impurity phases. Detailed observations of SEM/EDS and TEM implied that an existence of
effective pinning site which may work as an extrinsic factor for the superior Hi; characteristics
can not be applicable for the CuBay(YbgLuo4)CuzOs92 sample. Thus, this is the highest Hix
value ever reported for the CuBa,RECu;O;s phase at 77 K owing to a “pure”
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size-only-dependent effect.

The calculations based on the BVS concept utilizing reliable neutron structural data
revealed that the amount of holes in the CuO, plane increases in proportion to decrease in
#RE™) in the fully oxygenated CuBa;RECu,O7.5 system. In the present study, the oxygen
content was fixed at full through the samples maintaining the overall-hole concentration to be
constant. Therefore, these introduced holes around the CuO, plane might be transferred from the
CuOj.5 chain retaining the total amount of holes. In the CuBa;RECu,07.5 compounds with the
. large RE’s the CuO,.5 chain is more heavily doped with holes than the CuO, plane and the
difference is quite large and hence the distribution of holes is far from homogeneous. Thus, the
hole distribution between the CuO;; chain and the CuO; plane changes to become more
homogeneous over the crystal for smaller sized RE constituent, and this is believed to be the
reason for the superior Hj, characteristics of the CuBayRECu,07.5 compounds with the smallest
RE’s. Disturbance of the CuO1.5 chain is known to suppress the Hj, characteristics. Although this
was not investigated in the present study, this possibility should not be ruled out for samples
having larger RE constituents. It is because there is a possibility of intermixing between Ba and
RE elements for CuBa,RECu;07.5 with large RE’s and if this happens, part of the O(1)-site
oxygen atoms shift to the O(5) site which may induce the depression of Hj; values. This would
also lead to relatively superb Hi, characteristics of smaller RE included CuBa;RECu;0Oq.s
samples. | '

The Fe-based B-site ordered double-perovskite compounds, 4,FeMoQg, possess two
outstanding characteristics of the high ferromagnetic transition temperature and the high degree
of spin polarization of ~100%, which induces the large tunneling-type magnetoresistance (TMR)
effect. Besides, TMR characteristics of this compound depend strongly on the external magnetic
field in the low-field region in particular. Therefore, 4,FeMoQs is believed to be one of the
candidates of “spintronics” materials in future, e.g., magnetoresistive random access memory
(MRAM), the magnetic head utilizing the MR effects of material and a kind of spin transistor
etc.. The A,)FeMoQg system however, is interest not only for the applications of industrial usage
but also for the fundamental science. For example, >'Fe Mossbauer studies have shown that iron
in this compound possesses a mixed-valence state which is often observed together with the
halfmetallic ground state of compounds.

Intense investigations have been reported on the effects of the aliovalent-cation
substitution at the B site in this compound and the aliovalent substitution found to induce
influences on the physical properties. On the other hand, systematic consequences of
isovalent-cation substitution at A4 site had not been well understood, yet. Therefore, the
isovalent-cation effects on the charge distribution of B’/B” cations, i.e., the valences of Fe and
Mo (Vremo), and on the electromagnetic properties in the A,FeMoOg were systematically studied
in the present work in terms of the A ionic radius [V]. It was revealed that the 4-cation size is
one of the influential factors for both the valence balance of Fe/Mo species and electric/magnetic
properties for the 4,FeMoOg compound. The measurements of Tpe Mossbauer [V] and Fe Ls
edge XANES [VI]] clarified that all the 4,FeMoQOg samples studied possess the valence mixing of
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Fe'™™ and thereby MoV state. The valence of iron of (Ca,Sr),FeMoOg exhibited independent
behaviour of #(4") showing the mostly the constant Vg, values, while a straightforward r(4")
dependence of /'y, was observed for (Sr,Ba)zFeM006 compounds. The larger the 4-cation size
was, the closer was the Vg, of I maintaining the iron-valence state of II/III for (Sr,Ba),FeMoOQOg.
The mixed-valence state of Fe and Mo would be related to the itinerancy of down spins, i.e., the
conductivity electrons of this compound, between the Fe #,; and Mo #,, orbitals. Actually, band
structure calculations for BazFeMoO6, SroFeMoOg and CaFeMoQg carried out in our group
revealed that the differences in #(4") exert the variation in the partial density of state (DOS) in
Mo 4d which exists below the Fermi level retaining all the compounds to be halfmetals. The
calculated area of partial DOS of Mo 4d below the Ef, i.e., Amo, as a function of r(AH) was in
accord with the behaviour of the valence state of iron in terms of ionic radius of 4 demonstrating
the strong interrelation between Vg, and Apo. Ba;FeMoOg which includes the largest size of 4
cation represented the smallest Am, value among the calculated three compounds, while almost
the equivalent Ay, values were obtained for Sr,FeMoOg and CaFeMoQOg. The smaller Ao
would suggest a high possibility of transferring the charge and spin density of the itinerant
electron of Mo 4d to Fe 3d resulting in the Vr, value to be closer to II in proportion to the Ve
towards VI.

Since the miss-occupancy of Fe at the Mo site was found to be small in all the present
samples, it is possible to consider that the degrees of Fe/Mo order are high for samples studied.
However, there was a tendency: with increasing the difference of valence between Fe and Mo,
i.e., A2FeMoOg consisting of larger 4’s, the higher degree of Fe/Mo order and further, the superb
magnetic properties were concluded [V] but the suppression of conductivity property was found.
Temperature/field dependences of MR characteristics for the A;FeMoOg samples‘ were also
revealed to depend on the size of A-cation constituents. Sr,FeMoOg and CaFeMoOg which
represent relatively mostly the equivalent Vg values exhibited that the behaviours of MR
characteristics were well agreed each other, whereas different MR values/responses were seen in
Ba,FeMoOQg possessing relatively low valence value of iron [V]. These 4-site size dependences
of electromagnetic properties are considered to be induced by varying the charge
distribution/electronic structure of B site by the isovalent-cation substitution at A4 site. The
isovalent substitution affects the electric structure, thereby the degree of valence mixing between
B’/B” changes, i.e., the halfmetallicity of 4,FeMoQg is influenced by the substitution. Thus, the
halfmetallicity derived phenomena, e.g., B-site order (because the degree of order at B site is
determined by the valence balance of B’/B” and the balance is strongly depended on the
halfimetallicity of compounds), MR properties, and the magnetic properties were considered to
be varied, also.

So far, a number of B-site ordered double-perovskite compounds have been
investigated. By considering these resultants, it has been found that there is not a drastic
difference in the crystal structures in this system but the physical properties are known to be
sensitive to their chemical compositions and to slight differences in the structural parameters.
Furthermore_, the high magnetic transition temperature of 4,B8’B”O¢ compound is indispensable
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for the application of spintronic materials. Thus, in order to find out “hidden” structural
parameters which dominate and induce the high magnetic transition temperature in the B-site
ordered double perovskites were tried to reveal by means of multivariate data analyses on the
basis of mathematical statistics. The analyses showed that the valence of B’, ionic radius and
valence of B” were found to be crucial structural factors for the magnetic transition temperature
of this system. These structural factors were also extracted as the important parameters of
A>2B’B”0O¢ compounds to be magnetic materials which is essential for obtaining high magnetic
transition-temperature value. This is the first investigation revealing which and how the
structural parameters affect the physical properties in the B-site ordered double-perovskite
compounds with statistical point of view. It was also found that the structural parameters related
to 4 constituent may affect the parameters originated form the B-cation species, mentioned above.
Thus, it would be possible to regard that the A-related parameters can control the type of
magnetism and the value of 7¢ indirectly for the 4,B°B”O¢ compounds. Namely, the present
analyses showed a possibility of tuning the functional properties by means of the isovalent-cation
substitution at 4 site.

Through out the present investigation, the consequences of isovalent-cation
substitutions were clarified for both double- and triple-perovskites in the strongly-correlated
electron systems. Although it is impossible to compare the effects of isovalent substitutions on
both systems direcﬂy, it would be possible to suggest that the substitution easily affects the
double-perovskite compounds than the triple perovskites because of the simpler crystal structure
of double perovskites, while the triple-perovskite compounds possess more complicated
structures, i.e., they are composed of the stacking layers along ¢ axis. The aliovalent-cation
substitution induces the changes in the physical properties or in the crystal structures by varying
the overall charge/carriers in the crystal thus the influences of the aliovalent substitution on
materials have been believed to be straightforward and more effective than the isovalent
substitution. The isovalent-cation substitution however, it was clearly demonstrated by the
present work that the substitution exerts changes in material properties effectively through
controlling the distribution of charge/carriers retaining the total amount of charge/carriers for

both double- and triple-perovskite compounds.
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6. SUGGESTIONS FOR FUTURE WORKS

In this work, the importance of hole-density distribution was suggested from the
obtained experimental results and BVS method in the present fully oxygenated CuBa,RECu,0O7.5
(6.91 < 7-8 < 6.94) samples. BVS is a calculation approach for discussing the hole distribution
over the crystal, while XANES measurement is one of the experimental techniques to reveal the
amount of Jocal hole in the crystal. NMR (Nuclear Magnetic Resonance) measurement, the
measurement of Hall coefficient and Seebeck coefficient measurement based on TEP
(thermoelectric power) measurement efc. are commonly utilized to evaluate the hole
concentrations. Therefore, Cu L;- and O K-edge XANES measurements were performed in the
present fully oxygenated CuBa,RECu,07.5 samples, i.e. RE = Gd, Y, Y04Ybos, Yo2Ybos, YD,
YbgsLug2 and YbgsLug 4, respectively.

There are two distinct Cu sites in this system. In the Cu Lzz-edge X-ray absorption
spectra, the photon energy 932.2 eV, refers to the sum of holes in the CuO;, plane and in the
CuO,5 chain. Although it is difficult to discuss from the Cu L,3-edge X-ray-fluorescence yield
spectra, since all the fully-oxygenated samples possess the constant oxygen content, it is possible
to assume that total hole amount, i.e. sum of holes in the CuO, plane and in the CuO,.5 chain
over the crystal, is the same among the samples. All the peak amplitude at ~932.2 eV seemed to
have the same from the obtained Cu L;-edge measurement spectra, except for samples with Y
and Yo,Ybgg as RE constituents. Thus, it would be possible to consider that the total hole
amount which exist in the CuO, plane and in the CuO;; chain is the same among the present
CuBa,RECu,07.5 samples with fixed oxygen contents, i.e., the values of the oxygen content are
in the narrow range of 6.91 ~ 6.94 except for the sample with RE = Gd, in accordance with the
conclusions of the coulometric titrations. On the other hand, O K-edge X-ray absorption spectra
refers to the amount of holes of CuO; ribbon (CuO1.5 chain and apical oxygen) photon energy at
~527.7eV (peak 1), refers to the amount of holes of CuO; plane at ~528.3 eV (peak 2) and Upper
Hubbard Band at ~529.3 eV (peak 3), respectively. The evaluation based on amplitude of spectra
peak only, there was a tendency that accordingly decreasing #(RE™"), peak 1 decreased except for
samples with RE =Y, Yo2Ybog and YbggLugs. The decrease of spectra peak for CuOs ribbon
indicates that the amount of holes which locate at the ribbon become less. In the case of samples
with RE consisting of Y, Yo2Ybosg and YbggLug4, the exception tendencies may be due to the
decomposition of these samples. It is because after the XANES measurement, the sample had
decomposed, already. Considering all the results of XANES measurement, the total hole
concentration in the crystal might be invariable at a fixed and fully-oxygenated CuBa,RECu07.5
(6.91 < 7-8 < 6.94; except CuBayGdCuyOg9g) system. Conversely, the amount of holes which
locate CuOy.5 chain and apical oxygen seem to be decreased in proportion to decrease r(RE™)
implying that with decreasing #(RE™), the holes which locate at CuO.s chain and apical oxygen
move/drift to CuO, plane, but the total hole concentration is unchangeable. . Thus, the hole
distribution would be more homogeneous in the crystal when the RE is small. '
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However, it ought to regard that not only the amplitude of spectra peak but also the
width of peak should be considered, be fitted to Gaussian function (or the more suitable
function) and should be calculated the area of spectra peak for the quantitative discussion in
terms of amount of holes. Unfortunately the detailed Gaussian fitting has not successfully
accomplished in this work for both the Cu Ly;- and O K-edge measurements due to the
ambiguous spectra. Thus, it is inadequate to have the quantitative discussion in this matter. In
order to make clearer this concept, further study on the “quantitative” evaluation of hole
distribution- by means of O K-edge XANES measurements is an important challenge for further
works. Another candidate to clarify this point would be a Seebeck measurement.

Moreover, an evaluation of “active” hole density, i.e., hole density presiding over the
superconductive properties, is one of the final aims in terms of research topic in high- 7.
superconductive materials. From the material designing and tailoring points of view, the
multi-layered copper-oxide structures the more homogeneous the hole distribution is along the
piling direction of different blocks, the more enhanced is the Hj, characteristics, while the
opposite is believed to apply in terms of increasing the value of 7,. It should be emphasized
important roles of the hole distribution/ihhomogeneity in controlling the superconductivity
properties of high-7,. superconductors. An opposite effect can be expected on the better Hi;
characteristics and on the high 7, values in terms of the hole distribution, thus it would be
interesting to find the most “optimized” or “balanced” hole distribution for both properties at the
same time.

This work suggested the first resultants of the multivariate data analyses of general
B-site ordered 4,8°B”Og compounds by revealing the some rules and classifications of the type
of magnetism based on the composition and an indication for the superb magnetic transition
temperature. These problems were discussed from the structural parameters only in this work but
it should be also considered how the changes in the structural parameters correlate with the
electron hoppings, the exchange interactions or superexchange interactions efc. which are
generally regarded as the dominating factors to determine the type of magnetism and/or 7¢ in the
A,B’ B”Og, also. Besides, more reliable conclusion is required to be established by increasing the
number of observations. It would be possible to find out an intrinsic tendency in the type of
magnetism of 4 2B8°B”Og in terms of cation species because the PLSDA analysis was carried out
about 80 observations. However, most of paramagnetic phases consist of the combination of B’ =
RE and B” = Nb. In the multivariate data analysis, observations composed of various kinds of
cation pairs are more desirable because this analysis method is based on the mathematical
statistics. Furthermore, the number of observations adopted in the PLS study is small, thus this
induces the obtained resultants less persuasiveness, unfortunately. On the basis of these points,
increasing the number of observations which include various A/B cations is extremely important
to accomplish the aiming of this study.

Designing desirable functional strongly-correlated electron oxides, particularly B-site

ordered double-perovskite compounds such as halfmetallic antiferromagnetic compounds or new
| phases with surprisingly high magnetic transition temperature and so on, is one of the interesting
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investigation topics in the aspect of material tailoring. In order to make a “plan” for a brand-new
material, multivariate data analysis would provide us with very apparent indicators. By utilizing
the obtained results from the analysis as a blueprint for a desirable compound and, comparing the
actual material property and predicted material property from the analysis would pioneer the new

investigation field of material science.
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APPENDIX

A.l. Abbreviations and Notation of Multivariate Data Analysis

Table A.1.-1 Abbreviations and notation utilized in the present multivariate data analysis.

Abbreviation Explanation
LV Latent Variable
A number of components in a PCA or PLS model
a index of components, i.e. , dimensions of model; (@ = 1, 2, vee 4)
N number of objects (cases, observations)
k index of X-variables (k =1, 2, ...., K)
m index of Y-variables im =1, 2, ...., M)
X matrix of predictor variables with (N * K') in size
Y matrix of response variables with (N * M) insize
C, PLS-regression Y-weights of component a
Pa PLS-regression X-loading vector of component a
R? multiple correlation coefficient, i.e. , amount Y “explained” in terms of sum of squares
R? ¥ amount X “explained” in terms of sum of squares
9 2 cross-validated R?, i.e. , amount Y “predicted”
t, X-scores of component a
u, Y-scores of component a
W, PLS-regression X-weights of component a
w, * PLS-regression weights transformed to be independent between component
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A2, Basic Concepts Employed for the PLS Modeling

The correlations employed by the PLS method are described as follows:

Lo = sza * Xy
k . (A.2.-1)

The X-scores have the following properties: (i) they are multiples by the loadings p. and

summarizing appropriately the characteristics of X with small X-residual values of ey:

Xy = ztiapak teéy,
a . (A.2.-2)

With multivariate Y (M > 1), the corresponding Y-scores, i.e., u,, are multiples by the weights
Cam, and they are good summaries of Y possessing small residuals values of gin:

Y n = Z uia cam + g im
a . (A2.-3)

(i) the X-scores predict Y reasonable, i.e.:

y m Z cmatia + f;m
e _ (A2.-4)

The Y-residuals, f;,, express the deviation between the observed and modeled responses.
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A3. Lists of Observations and Variables for the Multivariate Data Analysis

Table A.3.-1 List of observations for the PLSDA analysis. 4,FeMoQOg are categorized as ferrimagnetic compounds.

Magnetic compound
Number Ferrimagnet Reference

1 Ba,FeMoOg  |1. Magn. Magn. Mater. 242-245, 747-750 (2002).
2 Ba,FeReOs  |Phys. Rev. B 62, 9538-9542 (2000).
3 Ba,FeReOg  |J. Phys.: Condens. Matter 12, 965-973 (2000).
4 CaFeMoOs  |Chem. Mater. 12, 161-168 (2000).
5 Ca;FeMoOg  |Chem. Mater. 15, 425-432 (2003).
6 CaFep94sMoOg |J. Phys.: Condens. Matter 12, 8295-8308 (2000).
7 CaFeReOs  |Phys. Rev. B 62, 9538-9542 (2000).
8 CaFeReOg  |J. Phys.: Condens. Matter 12, 965-973 (2000).
9 CaLaFeVOs | J. Solid State Chem. 162, 250-253 (2001).
10 Pb,MrReOg  |Chem. Mater. 15, 668-674 (2003).
1 SrCaFeMoOs  |Chem. Mater. 15, 425-432 (2003).
12 | SrpsCa; sFeMoOg |Chem. Mater. 15, 425-432 (2003).
13 | Sr,5Ca05FeMoOg |Chem. Mater. 15, 425-432 (2003).

"""" 4 | Sr,CoMoOsgs |Chem. Mater. 14, 812-818 (2002).
15 Sr,CrMoOg |V Solid State Chem. 155, 233-237 (2000).
16 Sr,FeMoOs  |Phys. Rev. B 62, 14197-14206 (2000).
17 SrFeMoOs  |Phys. Rev. B 62, 14197-14206 (2000).
18 Sr;FeMoOs  |Phys. Rev. B 62, 14197-14206 (2000).
19 SrFeMoOs  |Phys. Rev. B 61, 422-427 (2000),
2 SrFeMoOs  |Chem. Mater. 15, 425-432 (2003).

vvvvvvv 21 Sty Fep 97M0g 9405 g1}J. Phys.: Condens. Matter 12, 8295-8308 (2000).
) SrLaFeVOs  |J. Solid State Chem. 162, 250-253 (2001).
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Table A.3.-1 (Continued)

Magnetic compound
Number | Antiferromagnet Reference
3 Ba,CoMoOg  |Eur. J. Inorg. Chem. 9, 2463-2469 (2002).
2 Ba,CoWOs  |Eur. J. Inorg, Chem. 9, 2463-2469 (2002).
25 Ba,CuWOgs  |J. Solid State Chem. 147, 291-295 (1999).
2% Ba,DyReOs  |J. Mater. Chem. 12, 2361-2366 (2002).
27 Ba,FeWOs  |Mater. Res. Bull 37, 1797-1813 (2002).
28 Ba,GdReOg  |J. Mater. Chem. 12, 2361-2366 (2002).
2 Ba,HoReOg  |J. Mater. Chem. 12, 2361-2366 (2002).
"""""" 30 Ba,LaRuOs | J. Solid State Chem. 46, 234-244 (1983).
31 | BaluReOs  |J. Mater. Chem. 12, 2361-2366 (2002).
n | BaLuRuOs  |J. Solid State Chem. 78, 108-116 (1989).
1 Ba,MnWOs  |Mater. Res. Bull. 36, 2215-2228 (2001).
34 | BaNdReOg |J. Mater, Chem. 12, 2361-2366 (2002).
35 Ba,;SmReOg  |J. Mater. Chem. 12, 2361-2366 (2002).
36 _ Ba,TbReOg  |J. Mater. Chem. 12, 2361-2366 (2002).
37 Ba;YReOs  |J. Mater. Chem. 12, 2361-2366 (2002).
38 Ba,YRuOs  |J. Solid State Chem. 52, 138-145 (1984).
39 Ba,YRuOs  |J. Solid State Chem. 78, 108-116 (1989).
4 | BalaMgRuOs [J. Solid State Chem. 150, 383-390 (2000).
4 BaLaZnRuOs  |J. Solid State Chem. 150, 383-390 (2000).
@ Ca,FeSbOs  |Bull. Korean Chem. Soc. 18, 91-97 (1997).
8 | CalaRuOs  [I.Solid State Chem. 46,234-244 (1983).
C“ Ca;MnWOg  |Mater. Res. Bull. 36, 2485-2496 (2001).
5 Ca,MnWOg  |J.Phys..Condes. Matter 14, 8817-8830 (2002).
46 Ca,YRuOs  |J. Solid State Chem. 54, 245-250 (1984).
47 Sr,CoMoOs  |Chem. Mater. 14, 812-818 (2002).
88 | SrCoSbOsg |J. Solid State Chem. 157, 76-85 (2001).
49 Sr,CuWOs  |J. Solid State Chem. 147, 291-295 (1999).
50 SrFeSbOs  |J. Mater. Chem. 7, 459-463 (1997).
s Sr,FeSbOgs  |J. Mater. Chem. 5, 75-78 (1995).
52 Sr,FeSbOyg Bull. Korean Chem. Soc. 18, 91-97 (1997).
53 Sr,FeWOs  |Mater. Res. Bull 37, 1797-1813 (2002).
s4 SrLuRuOg  |J. Solid State Chem. 78, 108-116 (1989).
55 Sr;MnMoOg J.Phys..Condes. Matter 14, 8817-8830 (2002).
56 S;MnWOs  |J.Phys..Condes. Matter 14, 8817-8830 (2002).
5 Sr;MnWO;s  |J. Magn. Magn. Mater., 237, 124-134 (2001).
58 S,NiWOs  [Mater. Res. Bull. 35, 499-457 (2000).
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Table A.3.-1 (Continued)

Paramagnetic compound
Number| Paramagnet Reference

59 Ba,DyNbO;  {J. Solid State Chem. 148, 353-360 (1999).
60 Ba,ErNbOs  J. Solid State Chem. 148, 353-360 (1999).

61 Ba,ErReOq J. Mater. Chem. 12, 2361-2366 (2002).
62 Ba,EuNbOg = |7J. Solid State Chem. 148, 353-360 (1999).
63 Ba,EuReO4 |J. Mater. Chem. 12, 2361-2366 (2002).
64 Ba,GdNbO;  J. Solid State Chem. 148, 353-360 (1999).
65 Ba,HoNbOg  J. Solid State Chem. 148, 353-360 (1999).
66 Ba,LaNbOs;  |J. Solid State Chem. 148, 353-360 (1999).
67 Ba,LuNbOg  |J. Solid State Chem. 148, 353-360 (1999).
68 Ba,NdNbO; |J. Solid State Chem. 148, 353-360 (1999).
69 Ba,PrNbOg  |J. Solid State Chem. 148, 353-360 (1999).
70 Ba,SmNbOg  }J. Solid State Chem. 148, 353-360 (1999).
71 Ba,TbNbOg  |J. Solid State Chem. 148, 353-360 (1999).
72 Ba,TmNbOg {J. Solid State Chem. 148, 353-360 (1999).
73 Ba,TmReOs  |J. Mater. Chem. 12, 2361-2366 (2002).
74 Ba,YNbOy J. Solid State Chem. 148, 353-360 (1999).
75 Ba,YbNbOs  |J. Solid State Chem. 148, 353-360 (1999).
76 Ba,YbReOy  |J. Mater. Chem. 12, 2361-2366 (2002).
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