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Chapter 1

Introduction

Transition metal oxides show a wide variety of physical properties.
Especially, the 3d transition metal oxides show various properties, because of its narrow
bandwidth, electron correlation, and the influence of oxygen orbitals. Figure 1-1
shows the electronic structure of 3d transition metal oxides [1]. The electronic
structure is controlled by coulomb energy (U), charge transfer energy (4) and
bandwidth (W). When U is dominant, the system is Mott-Hubbard type. This applies

to the early transition metals (Tiand V).  On the other hand, when A are dominant,

A>U A~U A<U

Mott-Hubbard Intermediate Charge-transfer
insultaor region insulator

Fig. 1-1 Electronic structure of 3d transition metal oxides.



the system is charge-transfer type. In charge-transfer type, the oxygen can have hole
and show interesting properties including superconductivity. This applies to the late
transition metals (Ni and Cu). The electronic structure changes continuously from
Mott-Hubbard to charge-transfer with the number of atomic number and its charge.
The transition metals in the regime between Mott-Hubbard and charge-transfer also
show interesting properties (charge disproportionation [2, 3], metallic ferromagnetism
[4], and high-low spin transition [5]). Recently, including the freedom of spin, the
freedom of orbital and lattice have attracted much attention as the origin of showing
various properties and the properties which might lead to the application fields.
Therefore it is very important to study the relationship between the structure and
physical properties in the viewpoint of freedom and oxygen hole.

In the present study, CaFeO, (perovskite structure) and T1,Ru,O, (pyrochlore
structure) which have unusual properties were studied. Furthermore, the application as

electrode was also studied.

Iron perovskite

The structure of transition metal oxides are composed of oxygen polyhedra
which connected by corner, edge, and face sharing like perovskite, spinel, rutile, and
fluorite structures. Figure 1-2 shows the cubic and orthorhombic perovskite structure.
Perovskite structures are composed of metal-oxygen octahedra (BO4) with corner
sharing. In this structure, the electrical properties which range from metallic to
semiconducting are related to the structural variations as follows: (i) the increase in the
B-O bond length in the BOg octahedra, (ii) the increase in the distortion of the BO
octahedra, and (iii) the increases in the bend of the BO, zigzag chains.

The iron oxides normally contain di or trivalent iron. Some oxides
synthesized under high pressure can contain tetravalent iron. Higher the oxidation
state, stronger the interaction between the electron and lattice, and some interesting

properties appear.  CaFeO, and SrFeO; have tetravalent iron. ~ Both oxides have



(b) Ca, Sr

FeO, octahedra

Fig. 1-2 Structure of cubic perovskite (a) and orthorhombic perovskite (b).



metallic conductivity at room temperature and show antiferromagnetic behavior [6, 7, 8].
Méssbauer studies showed tetravalent iron at room temperature, but two distinct spectra
were observed at 4 K for CaFeO; [9]. Takano et al. proposed charge
disproportionation (CD) model as follows: 2Fe** — Fe** + Fe**. On the other hand,
SrFeO; keeps tetravalent iron to 4 K. The solid solution Ca,,Sr.FeO; [10] was also
synthesized and CD at 4 K were observed as follows: 2Fe* — Fe®* 4 Felo
StFeO; can be synthesized under a high oxygen pressure of several hundred MPa [10].
On the other hand, the synthesis of CaFeO, requires a high oxygen pressure of 2 - 5 GPa
[7]. This makes it difficult to obtain the pure sample and might be the reason why CD
has not been observed in other experiment. In the present study, Ca, Sr.FeO, was
synthesized under high oxygen pressure and the structures and physical properties

especially according to CD were studied.

Thallium pyrochlore

While the 34 transition metal oxides show a wide variety of physical properties,
4d and 5d transition metal oxides have been thought to have less variety of physical
properties because of wide bandwidth. Some oxides, however, show interesting
physical properties. For example, K,;Mo00; [11], Ln,M0,0, (A = Nd, Sm, Gd) [12],
and NaWO,; [13] show Charge Density Wave (CDW), metallic ferroﬁlagnetism, and
superconductivity, respectively. Ruthenium oxides also show interesting physical
properties. Sr,RuO, [14] shows superconductivity at 1.5 K and StRuO; [15] shows
metallic ferromagnetism. The Ru containing pyrochlore oxides A,Ru,0, show a wide
variety of physical properties. Pb,Ru,O, [16] and Bi,Ru,0, [17] shows metallic and
Pauli paramagnetic with resistivities of 10 Q-cm at room temperature, and Y and rare
earth pyrochlores show semiconducting properties [18, 19]. Solid solution Bi,.
AInRu,O, [20] and Bi, GdRu,0, {[21] showed a change from metallic to
semiconducting with dependent on substitution. The electronic structure estimated by
XPS, UPS and HREELS [22, 23] showed the Pb or Bi 6s orbitals are close to Fermi
energy (Ep). On the other hand, band calculation and UV [24] showed Pb or Bi 6p



orbitals are close to E;. Although these results are against each other, it was shown
that the orbitals of A ion affect the band structure near E.. The relationships between
structure and physical properties were reported for the solid solutions, Bi, Ln Ru,0, and
Pb, LnRu,0,; (Ln = Y, Pr-Lu) and the metallic-semiconducting change is related to
their structural changes.

The thallium pyrochlore T1,Ru,0, was first synthesized by Sleight ez al. and it
showed metallic property with nearly temperature independent resistivity [25]. Later,
Jarett et al. reported that TLRu,0, 5 synthesized under high pressure had a metallic-
semiconducting transition around 120 K [26]. They also reported the transition
temperature changed with lattice parameter. However, the relationships between the
structures, composition, and physical properties are not well understood. The
systematic control of oxygen stoichiometry in synthesis is difficult because of the high
vapor pressure of thallium oxide. The following redox-vaporization process is active
above 873K: T1,0, — TLO + O,. Therefore it is necessary to synthesize under high
pressure in order to control oxygen stoichiometry. |

The pyrochlore structure A,B,0,0" is derived from fluorite structure in which
the special oxygen is vacant and 48f oxygen move to the vacancy to reduce the
electrostatic repulsion between the B cations. In other description, pyrochlore
structure can be viewed as two interpenetrating network. One is BO4 octahedra
network. The B-O-B bond angles which affect physical properties are 120-140°, which
are smaller than those of the perovskite. Another network is A,0O' chain with A -O'"-A
angles of 109.47°. The BOg octahedra linkage is so strong that it is possible to form
defect A and O' in pyrochlore structure, such as A,B,0, and B,O,. Some defect
pyrochlores change the structure to the perovskite with pressure reflecting the lesser
density. Figure 1-3 shows the two network of pyrochlore structure. There is only
one oxygen positional parameter x for the pyrochlore structure. The x parameter
changes from 0.3125 (perfect octahedra) to 0.375 (regular cubic) ideally. In most
pyrochlores, x parameter shows between 0.32 and 0.34. The lattice parameter and x

parameter determine the pyrochlore structure.



BO, octahedra

Fig. 1-3 Structure of pyrochlore A,B,0,0'".

Pyrochlore structure can be the stage of frustrated spin system. There are two
types of frustrated spin systems. One is the structurally disordered and another is the
periodic lattice. The disordered alloy Fe-Au [27] is the example of a system which
shows structural disorder. The 2D trirangular [28], kagomé [29] lattice, and 3D
tetrahedral lattice are the examples of a periodic lattice. In pyrochlore structure, A
(16d) and B (16¢) ions form the tetrahedra connected by corner sharing, respectively.
Figure 1-4 shows the tetrahedra network. If the exchange magnetic interaction is
predominantly antiferromagnetic, the system is frustrated. This same network exists
for B ion (16d) in the spinel structure AB,O, [30]. Indeed some pyrochlore oxides
show spin-glass like behavior [31, 32] and cluster calculation [33] also shows the spin-
spin correlation length never exceed the interatomic distance. In frustrated systems, all
ground states degenerate and show unusual properties such as Quantum Spin Liquid and
Resonating Valence Bond (RVB) [34] which is due to quantum fluctuation effect.
Therefore it is interesting to study the pyrochlore system from the viewpoint of

frustration.



In the present study, thallium pyrochlore was synthesized under high pressure,
and high oxygen pressure. The relationships between their structures and physical
properties were studied. The structure at low temperature was also studied by low
temperature neutron measurement. Furthermore, spin frustration derived from

pyrochlore structure was also studied.

Fig. 1-4 Three dimensional network of corner sharing tetrahedra.

SOFC electrode

Transition metal oxides are also used in many application fields. Especially,
dielectrics, electrodes, and catalysts are important. Transition metal can change its
valence with substitution and oxide deficiency. Therefore, the catalytic activity has
been studied as a substitute for rare metals.

Fuel cells have received much attention as a potentially economical, clean
energy conversion system. There are several types for Fuel Cells: Phosphoric Acid
Fuel Cell (PAFC), Polymer Electrolyte Fuel Cell (PEFC), Molten Carbonate Fuel Cell
(MCFC), and Solid Oxide Fuel cell (SOFC). Although the concept of SOFC is simple

and has high energy conversion efficiency by product heat, SOFC development is



behind other Fuel Cells. Figure 1-5 shows the operating principle of SOFC. The
yttria stabilized zirconia (YSZ) is used mostly as the solid electrolyte in SOFC. The
oxygen ion conductivity of YSZ become useable at high temperatures, and this limits
the materials. The thermal stability, reactivity and thermal expansion are important.
The transition metal oxides of the perovskite structure have been studied as cathode
materials. For example, the cobalt system shows the highest conductivity and the
lowest cathodic overpotential [35]. However, they reacted with YSZ to form the low-
conductivity pfoducts, similarly for the manganese system [36]. Therefore, electrodes
that are less reactive with YSZ and have high stability at high temperatures are required.
The ruthenium pyrochlores are known as technologically important materials (catalysts
[37], electrocatalysts [38], and conducting components in thick-film resistors [39]). In
the present study, ruthenium pyrochlore and perovskite oxides were studied as the
electrode of SOFC.

These results are described in the following chapters.

_>
Fuel < oxygen
Gas oL (air)
<
Fuel Electrode Solid Electorolyte Air Electrode
(anode) (Cathode)

Fig. 1-5 Operating principle of SOFC.
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Chapter 2

Experimental

2-1 Sample preparation
2-1-1 Synthesis

The iron perovskites were synthesized by applying high oxygen pressure
(2GPa) to oxygen deficient perovskites. The oxygen deficient perovskites were
synthesized by heating appropriate molar ratio of starting materials CaCO, (Nakarai
tesk, > 99.5% purity), SrCO; (Nakarai tesk, > 96%), a-Fe,O; (Kojyundo Chemical, >
99.99%).

The ruthenium pyrochlores were synthesized under high pressure and high
oxygen pressure (1 GPa) with these starting materials T1,0, (Nakarai tesk, extra pure),
RuO, (Sumitomo Metal Mining). The other ruthenium pyrochlore was synthesized at
ambient pressure, Y,0; (Kojyundo Chemical, > 99.9%), B1,0; (Nakarai tesk, > 99.9%),
PbO (Nakarai tesk, > 99.5%). Figure 2-1 shows a flowchart of the sample synthesis

procedure.

2-1-2 High pressure synthesis

High pressure synthesis is a unique method for obtaining metastable and high
pressure phases. In this study, a piston-cylinder type high pressure apparatus was used,
with the sample being sealed in gold tube. The layout of the high pressure apparatus
and the cell arrangement are shown in Figure 2-2. The synthesis was performed as
follows; the cell was pressed to 1 - 2 GPa gradually, heated to the reaction temperature
with the graphite heater, kept at temperature for 30 min, quenched to the room
temperature, and released. When samples were prepared under a high oxygen pressure,
KCIO,, was used as the oxidizing agent. The temperatures of the sample were

monitored using a Pt-Rh13 thermocouple.

12



iron oxides ruthenium oxides

Ti 203, RUOZ

CaCO3, SI'CO3, F%O3

high pressure synthesis

. 900 C, 10 kbar, 30 min
900-1350 C,24h

air or Ar

leRUzO'/_é

Ca; St Fe0; 5.5

high pressure synthesis
900 C, 20 kbar, 30 min

Y203, Bi203, PbO, CaCO3, SrCO3, RUOZ

Cay_S1FeO,

900-1200 C, 24 h
air

A5Ru,0; 5 A=(Bi, Y, Pb)
ARuO; A=(Ca, Sr)

Fig. 2-1 Flowchart of synthesis.

2-2 Characterization by diffraction technique
2-2-1 X-ray diffraction measurements
X-ray diffraction measurements were used for the characterization of the
samples. X-ray powder diffractometer (RIGAKU RAD-C, 12 kW rotating anode) with
Cu Ko radiation was used. Diffraction data was collected for 1 s at each 0.03° step

over a 26 range of 10° to 110°.
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Tungsten carbide

Water outlet <@ ,
Mica sheet

Cell

Middle press

Main press

Piston

Thermocouple

Stainless Steel

(b)

SNNRANRRANRRANY

Pyrex Glass
Graphite

Fig. 2-2 The arrangement of (a) the piston-cylinder type high pressure apparatus, and (b) the

cell for a high pressure.
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2-2-2 Neutron diffraction measurements

Neutron diffraction measurements were performed to refine the structure
model. Unlike X-rays which are primarily scattered by electrons, neutrons are
scattered by the atomic nuclei and the scattering lengths vary irregularly with atomic
number. Therefore neutrons can distinguish the atoms which have similar atomic
number and small atomic number. Moreover, neutrons have a magnetic moment and
magnetic structural information can be obtained. In the present study, the positions
and site occupancy of oxygen and magnetic reflections have been studied.

Neutron diffraction data for the perovskites and the pyrochlores were taken on
a Time-of-Flight (TOF) neutron powder diffractometer, VEGA [1], at the KENS pulsed
spallation neutron source at the High Energy Accelerator Research Organization (KEK),
SEPD [2], at IPNS pulsed spallation neutron source at Argonne National Laboratory in
USA, and on the high resolution two-axis diffractometer, D2B [3], at the Institute Laue-

Langevin (ILL) in France.

VEGA: The high energy neutrons produced in the Ta target by spallation are
moderated to lower energies in solid methane moderators (20 K) surrounding the target,
and moderated neutron beam is incident to the samples in vacuum through beam shutter.
Time-of-flight from target to counter through samples are monitored and time-of-flight

(f) are translated to planer spacing () by the relationship
dsin@=A/2=ht/2mL=1/505.55L

where h, m, L are Planks constant, the neutron mass, total path length of flight from

target to counter through samples, respectively. The specimen of (ca. 2 g) was

contained in a cylindrical vanadium cell.

SEPD: The depleted uranium is used as target and the moderator is liquid

methane (100 K). Specimen of (ca. 3 g) was used for the measurements.

D2B: The white beam of neutrons from the reactor was monochromatized to a

15



wavelength of 1.5949 A with a composite focusing Ge 335 monochromator.

Specimen of (ca. 1 g) was used for the measurements.

2-2-3 Rietveld analysis

Structural parameters were refined by Rietveld analysis with the computer
program RIETAN97B and RIETAN96-T for the X-ray and neutron diffraction data,
respectively [4], with the exception of the neutron diffraction data collect on SEPD
which was fitted by the computer program GSAS [5]. The Rietveld method is a
technique for refining lattice parameters and structural parameters directly from whole
powder diffraction patterns without separating reflections. This method is useful (i)
when single crystals cannot be grown, (ii) when only twinned samples-can be prepared,
and (iii) when physical and/or chemical properties of single crystal forms differ from
those of polycrystalline ones.

In the Rietveld analysis, the residual §, is minimized by a least-square

refinement:
S, =Zw (- ya)
Where
w,=1/y,
y; : observed intensity at the i th step

¥, - calculated intensity at the i th step

and the sum is the overall number data points.

The calculated y, are determined from the |F,[* values calculated from the
structural model by summing of the calculated contributions from neighboring Bragg
reflections plus the background:

Vi = SZLKIFK‘Z ¢(265 - 26K)PKA + Yy,

where

16



s : scale factor

K : Miller Indices, & k [, for a Bragg reflection,

L, : Lorentz, polarization, and multiplicity factors,
@ : reflection profile function,

P, : preferred orientation function

A : absorption factor,

F, : structure factor for the K th Bragg reflection,

Y, : background intensity at the i th step.

For the X-ray Rietveld analysis, reflection positions and intensities were calculated for
both CuKa, and CuKo, with a factor of 0.497 applied to the calculated integrated
intensities of CuKo, peaks, so that only single scale factor is obtained.

For angle-dispersive X-ray Rietveld analysis, the profile shape function is
represented as the product of symmetrical profile shape function and asyfnmetrical
profile function; a pseudo-Voigt profile shape function was used as profile shape
function. The mixing parameter, g, corresponding to the ratio of the component of the
Gaussian and Lorentzian functions, was included in the least-squares refinements. For
TOF neutron Rietveld analysis, the sum of two exponential profile shape functions
proposed by Cole and Windsor was used [6].

The Rietveld refinement process will adjust the refineable parameters until the
residual is minimized. The parameters, R, Ry, R,, R,, and etc, are indicators of the
progress of refinemnet. Of these indicators, two indicators are important to judge
whether the refinement is convoluted satisfactory. R, is the most meaningful of these
R values because the numerator is the residual being minimized. Another useful
numerical criterion is the goodness of fit, S (=R,,/ R.). In general, a § value of 1.3 or
less is usually considered to be satisfactory. Interatomic distances and bond angles are
calculated from the lattice and structural parameters obtained after Rietveld analysis

with the computer program ORFEE [7].

17



2-3 Physical property measurements
2-3-1 Electrical measurements
The electrical resistivity of the samples were measured using a DC four probe
method with silver or platinum paste contacts. The temperature of the samples was
measured using an AuFe thermocouple at low temperatures and Pt-Rh13 thermocouple
at high temperatures, respectively. Figure 2-3 shows the arrangement of DC four-

probe method. The electrical resistivities of the samples ware calculated by

p=VID) (S/)

where V is a voltage across the two electrodes used for the voltage measurement, [ 1s a
constant current, S and / are a cross section area of the sample and a distance between

two electrodes, respectively.

Fig. 2-3 The layout of the DC four-probe method for resistivity measurement.

2-3-2 Magnetic measurements

The magnetization was measured by a Superconducting Quantum Interference
Device (SQUID) magnetometer (Quantum Design, MPMS2) between 5 and 400 K.
The magnetization was measured after cooling in zero field (zfc), and then measured

again down to 5 K in applied magnetic field (fc).

18



2-3-3 Mdossbauer spectroscopy

The Mossbauer spectra were obtained using a *’Co/Rh y-ray source at room
temperature for Ca, SrFeO,, and low temperatures for Ca,sSry,FeO; and
TLRu, o 'Fe,,,0,. The source velocity was calibrated by using pure iron metal as a
standard. There are three parameters for fitting the obtained spectra (Isomer Shift (IS),
Quadropole Splitting (QS), and Hyperfine Field H,). IS reflects the density of
electrons, and the oxidation state of iron or degree of localization of electrons are
estimated. QS shows the electrical gradient around nuclei, and the coordination state
of anion or distribution of electrons are obtained. H,; reflects the magnetic gradient
around nuclei, and the magnitude of internal magnetic gradient or magnetic transition
temperature are estimated. Figure 2-4 shows the schematic diagram of the nuclear

energy level shift and splitting.
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Fig. 2-4 Schematic diagram of the nuclear energy level shift and splitting as a function of (a)

chemical environment, (b) electric field gradient, and (c) magnetic hyperfine ficld.
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2-3-4 Overpotential measurements

The oxygen reduction polarization test, was prepared by heating a disk (12 mm
diam, 2 mm thick) of mixed ZrO, and Y,O, powders (from Toso, Ltd) at 1450°C for 3 h.
The oxygen reduction polarization was studied on a three-electrode cell by the current
interruption technique to remove the IR-drop contribution. Pyrochlore and perovskite
thin films (about 3 wm thick), used as the working electrodes, were prepared on one side
of the 8YSZ tablet by the RF-sputtering technique and fired at 900 - 1000°C for 2 h.
Platinum paste was painted on the other side of the disk, which was divided into two
parts, a counter and a reference electrode. The steady-state residual voltage

(overpotential) between the working and reference was measured.

2-3-5 Thermal expansion measurements

Thermal expansion measurements were carried out from room temperature to
900°C with a Rigaku Thermoflex TAS200TM8140C using quartz as a reference.
Rectangular bars of the samples were uniaxially pressed at 1500 kg-cm”, fired at 900°C,

shaped into squares using 1200 grit SiC paper and then finally fired at 900°C for 24 h.
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Chapter 3

Synthesis and properties of Ca,_Sr FeO,

3-1 Introduction

CaFeO; was synthesized by Kanamaru et al. for the first time under a high
oxygen pressure of 2 GPa at 1100°C, and they reported the samples to have cubic
symmetry [1]. Later, Takano et al. synthesized CaFeO, under a pressure of 2 GPa at
1000°C and reported tetragonal symmetry and proposed charge disproportionation (CD)
at 4 K, 2Fe** — Fe’* + Fe™ [2]. Solid solution Ca, SrFeO, was also synthesized and
the cubic symmetry for x = 0.125 was reported [3]. CD was observed in the following
way, 2Fe* — Fe®?% + Fe®?, and § increaed to unity with Sr su‘r;stitution, which
means no CD was observed for StFeO,. SrFeO, was first synthesized by Gallagher et
al. under a high oxygen pressure of 34.4 MPa at 760°C and results of Mossbauer studies
were presented [4]. Later, Machesney reported metallic conductivity and
antiferromagnetic behavior [5]. Neutron diffraction measurement for SrFeO, showed
the screw type antiferromagnetic structure with a propagation vector parallel to the
<111> direction [6]. Although many studies about structure, magnetic and electrical
properties were reported for the end member SrFeO,, CaFeO, and Ca, Sr,FeO; have not
studied thoroughly reflecting the difficulties of synthesis. Recently, Morimoto et al.
measured synchrotron X-ray diffraction for CaFeO;, and reported the orthorhombic
symmetry [7]. However no structural information for CaFeO, was reported.
Furthermore, the changes of physical properties accompanied by CD have not been
reported.

In the present study, Ca, Sr.FeO, was synthesized under high oxygen pressure,
and their structures were determined by X-ray Rietveld analysis. The relationships

between physical properties and structures were also studied.

3-2 Synthesis
The starting materials CaCO,, SrCO;, and «-Fe,O; were mixed, pelleted, and

calcined at 900 °C for 24 h. Then the pellets were reground, and pelleted, and fired at
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1100 - 1350°C for 24 h in air or Ar. Figure 3-1 shows the formation diagram of the
oxygen deficient perovskite Ca, Sr.FeO,;,; When the samples were synthesized in
air, brownmillerite and perovskite phase appeared in 0.0 < x < 0.2 and 0.8 < x < 1.0,
respectively. The oxygen vacancies are ordered in the brownmillerite phase and
disordered in perovskite phase as shown in Figure 3-2. In the region of 0.4 < x < 0.6,
two phases with the brownmillerite and the perovskite were observed. However,
single phase brownmillerite was obtained for the samples synthesized in Ar above 1350
°C even for the composition region of 0.4 < x < 0.6. Finally, the Ca, Sr.FeO,,; with
the brownmillerite structure was obtained for the whole range of solid solution, 0.0 < x
<1.0.

High-oxygen pressure treatments under 2 GPa using KCIO, were carried out
for samples with the brownmillerite phase and a mixture of brownmillerite and
perovskite phases. However, oxygen deficient phase, which was detected by
Mossbauer study, remained even after the high oxygen pressure treatment when the
mixed phases were used as the starting materials. In order to obtain monophase
samples of the perovskite phase, it is necessary to use the brownmillerite phase. In the
brownmillerite structure, the oxygen vacancies are known to order in alternate (001)
FeO, planes of the cubic perovskite structure, with alternate <110> rows of oxygens
removed. This type of structure makes it easier to form the stoichiometric perovskite
probably because of high oxygen diffusion in the oxygen vacancy row.

Figure 3-3 shows the X-ray diffraction patterns for the whole range of solid
solution Ca, SrFeO, after the high oxygen pressure treatment, at room temperature.
The diffraction patterns of SrFeO; were indexed by a cubic cell with a = 3.85 A and
space group Pm3m, while in CaFeO,, superlattice reflections were obviously observed
which could be indexed by an orthorhombic cell with space group Pnma. X-ray
diffraction patterns between 38° and 42° are also indicated in Figure 3-4. The
superlattice reflection 221 which is indicative of the orthorhombic Pnma was
recognized for 0.0 < x <0.6. The peak shifted to lower angles from x = 0.0 to x = 0.5
and remained constant at x = 0.6. The orthorhombic 220 reflection which is equivalent
to the cubic 111 reflection shifted to lower angles from x = 0.0 to x = 1.0 continuously.

Theses results indicate two phases with orthorhombic and cubic symmetry at x = 0.6.
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Fig. 3-2 The brownmillerite structure and perovskite structure for Ca,_Sr.FeO,s,s.
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Figure 3-5 shows the composition dependence of the lattice parameters of Ca,_ Sr,FeO,
obtained from Rietveld analysis. The orthorhombic distortion decreased with
increasing x from 0.0 to 0.5, and the lattice parameters increased with substituting larger

cation Sr (ionic radii Ca*(XII) = 1.34 A, SPZ*(XI) = 1.44 A) [8].
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Fig. 3-5 Composition dependence of lattice parameters for Ca, Sr.FeO;. The value obtained

for x = 0.6 in the region of mixture of two phases was refined with space group Pm3m.
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3-3 Structure

Refinement of the structure was performed with space group Pnma for the
sample with 0 < x < 0.5, and Pm3m for 0.8 < x < 1.0. Initial coordinates were taken
as follows: Pnma, Ca(Sr) 4c (x, 1/4, z); Fe 4b (0, 0, 1/2); O(1) 8d (x, y, 2); O(2) 4c¢ (x,
1/4, 7), and Pm3m Ca(Sr) 1a (0, 0, 0); Fe 1b (1/2, 1/2, 1/2); O 3¢ (1/2, 1/2, 0). The
refinement was done in stages with the atomic coordinates and thermal parameters fixed
in the initial calculations and subsequently allowed to vary only after the scale,
background, halfwidth, and unit-cell parameters had converged to their optimum values.
During the later stage of the refinements, when temperature factors were refined, the B,
had to be constrained to the same value, otherwise the refinement was unstable. Table
3-1 lists final R factors, structural parameters and their estimated deviations. Table 3-2
gives interatomic distances and bond angles calculated with ORFFE. Figure 3-6
shows composition dependence of the interatomic distances and bond angles. Ideal
cubic perovskite has equal twelve A-O distances. The twelve A-O distances split into
the two group of eight short and four long distances and the difference between two
groups becomes larger with decreasing x. On the other hand, no significant change
was found for the Fe-O distances. The Fe-O-Fe angle increases from 163° to 180°
with increasing x, which indicates that the bend in the zig-zag chains formed by the
FeO, octahedra connected by corner sharing, increases with x. No significant
deviation from 90° for the O-Fe-O angles and no significant changes in Fe-O distances

indicate no distortion of the FeOg octahedra.

28



Table 3-1 X-ray Rietveld refinement results for Ca,_ Sr FeO,

x=0.0 x=0.1 x=02 =04 x=0.5
a(A) 5.34852(12) 5.35283(17) 5.3566(2) 5.3786(2) 5.395(2)
b(A) 7.53388(18) 7.5540(2) 7.5724(3) 7.6062(3) 7.6218(3)
c(A) 5.32141(12) 5.34100(14) 5.3612(2) 5.3896(2) 5.394(2)
Ca(Sr)
x 0.03445(9) 0.0291(8) 0.0236(9) 0.0104(12) 0.000(3)
y 1/4 1/4 1/4 1/4 1/4
z -0.005(3) -0.005(3) -0.001(4) -0.000(3) 0.000(9)
B(AY 1.55(12) 1.70(9) 0.89 1.13(6) 0.45(9)
Fe
x 0 0 0 0 0
y 0 0 0 0 0
z 12 12 12 12 12
B(AY 1.01(9) 1.66(8) 0.63(10) 1.13 0.40
o
x 0.286(5) 0.282(4) 0.273(7) 0.261(7) 0.24(2)
¥ 0.033(3) 0.022(3) 0.024(4) 0.026(3) -0.011(10)
z 0.717(3) 0.716(3) 0.716(5) 0.720(3) 0.76(2)
B(AY 1.4(4) 1.5(4) 0.7(2) 1.13 1.3(2)
0(2)
X 0.492(3) 0.503(3) 0.505(3) 0.497(4) 0.483(12)
y 1/4 1/4 1/4 1/4 1/4
0.079(5) 0.072(5) 0.061(9) 0.040(8) 0.032(18)
B(AY 0.9(6) 1.5(6) 0.7 1.13 13
R,, 10.39 11.35 1431 14.87 14.37
R, 8.80 9.72 9.28 11.18 10.00
R, 3.83 3.08 4.40 5.56 7.73
x=0.8 x=1.0
a(A) 3.83606(8) 3.84990(7)
Ca(Sr)
x 0 0
y 0 0
z 0 0
B(AY 0.92(17) 0.86(18)
Fe
x 12 1/2
y 12 12
z 172 12
B(A» 0.92 0.6(2)
0
x 12 12
y 12 12
z 0 0
B(AY 0.92 0.8(5)
R,, 15.42 16.71
R, 12.46 1221
R, 325 2.90
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Table 3-2 Interatomic distances (A) and angles (°) for Ca, Sr,FeO,

x=0.0 x=0.1 x=0.4 x=0.5
Ca(Sn-O(1) (X2)  2378(12)  2.443(15) 2.46(2) 2.47(2) 2.67(5)
Ca(Sn-O(1) (X2)  2.600(13)  2.578(17) 2.62(2) 271Q2) 2.79(5)
Ca(Sn-O(1) (X2)  2.612(12)  2.648(16) 2.65(2) 2.64(2) 2.61(5)
Ca(Sn-O(1) (X2)"  3.139(12)  3.066(15) 3.03(2) 2.97(2) 2.72(5)
Ca(Sp-0(2) 2.32Q2) 2.32(3) 2.36(5) 2.48(4) 2.52(7)
Ca(Sn-0(2) 2485(12)  2.573(15) 2.60(2) 2.63(2) 2.62(7)
Ca(Sn-0(2)" 2923(12)  2.844(14) 2.80(2) 2.77(2) 2.79(7)
Ca(Sn-0(2)" 3.0202) 3.03(3) 3.032) 2.914) 2.87(7)
Fe-O(1) (X2) 1.917(12) 1.91(2) 1.87(4) 1.85(4) _1.90(16)
Fe-O(1) (X2) 1.927(12) 1.92(2) 1.96(4) 1.99(3) 1.92(16)
Fe-O(2) (X2) 1.920(4) 1.928(6) 1.921(8) 1.913(5) 1.915(9)
0(1)-Fe-0(2) 89.4(7) 88.5(9) 89.9(19) 91.8(18) 87(4)
0(1)-Fe-0(2) 91.1(8) 91.5(9) 90.3(2) 90.4(2) 90.1(3)
O(1)-Fe-O(1) 90.65(14) 90.3(2) 88.8(18) 89(4)
Fe-O(1)-Fe 157.4(12) 161.8(8) 163.1(15) 164.6(18) 174.2(4)
Fe-O(2)-Fe 157.8(6) 156.8(16) 160(3) 167(2) 168(5)
a) Long Ca(Sr)-O distances
=08 =1.0

CaSn-0(X12) 27127(1)  2.7217(1)

Fe-O (X6) 1.9182(1) 1.9246(1)

0-Fe-O 90 90

Fe-O-Fe 180 180
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3-4 Mossbauer spectroscopy

Méssbauer spectra of Ca,,Sr,FeO, were recorded at room temperature to study
the oxidation state of iron. Figure 3-7 shows the spectra. The data were fitted by
using Lorentian lines. Figure 3-8 illustrates isomer shift and full-width-at-half-
maximum (FWHM) of the Mdssbauer spectra. A sharp spectra with the isomer shift
(0.043 mm-s" - 0.066 mm-s") is indicative of Fe*" state with the value of isomer shift
(0.054 mm-s™') reported previously [4]. At intermediate range (0.1 < x < 0.8), the lines
became broader, which is attributed to the local inhomogeneous distribution of Ca and
Sr. Isomer shift increased from 0.043 mm-s' to 0.070 mm-s"' with increasing x from

0.0 to 1.0 by substituting Sr for Ca.
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Fig. 3-8 Mdossbauer spectra at room temperature for Ca, St FeO;.
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Fig. 3-7 Composition dependence of isomer shift and FWHM for Ca, SrFeO,.

Previously the CD was observed in the low-temperature Mdssbauer spectra
measured for CaFeO, in the temperature range 4 — 300 K [9].  The spectra showed two
peaks at 290 K and the splitting of the peaks became larger with decreasing temperature.
This result indicated the CD begins at 290 K for CaFeO,, and the oxidation states
change continuously: 2Fe* — Fe®?* + Fe®?". To clarify the CD of the solid
solution, Ca, Sr,FeO,, the spectra at 130 — 300 K was measured for x = 0.2
(Ca,gS1,,Fe0,). Figure 3-9 shows the temperature dependence of the Mdossbauer
spectra. As the temperature decreased from 300 K, the linewidth became broad, two
peaks were obviously observed below 215 K, and an antiferromagnetic pattern was
observed at 127 K. Figure 3-10 shows the differences in isomer shift between the two

peaks by fitting in two Lorentian lines with the same intensity. ~ Splitting of the peaks
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were observed at 240 K. The splitting increased with decreasing temperature, and

became saturated around 150 K. The difference of the two peaks (0.28 mm-s"') is

smaller than that of CaFeO, (0.32 mms"' at 4 K). These results indicate that the

localization of 6* band arising from Fe-e, and O-2p band starts gradually from 240 K.
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3-5 Electrical property

Figure 3-11 shows the temperature dependence of the electrical resistivity for
Ca, SrFeO;. At x = 0.0 (CaFeO;) and x = 0.2 (Ca,Sr,,FeO;), the slope of the
resistivity curve changed at 290 and 240 K, respectively, indicating a metallic-
semiconducting transition. The transition temperature corresponds to the CD observed
by Mossbauer spectra. The transition temperature observed by the resistivity
measurements decreased from 290 to 200 K with increasing x, and no slope change in
the resistivity curve was observed at x = 0.8. These slope changes correspond to the
beginning of CD. On the other hand, the sample with x = 1.0 (SrFeO;) showed
metallic property. The structural changes that the Fe-O-Fe angle increases with x in
Ca,,SrFeO, are well consistent with the electrical property changes from
semiconducting to metallic. The effect of larger Fe-O-Fe angles is to increase the
overlap between Fe 34 and O 2p orbital. The relationships between the structure and
physical properties of the GdFeOs-type structures are reported. The structures are

composed of framework corner-sharing MOy octahedra, and the variation of the M-O-M
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Fig. 3-11 Temperature dependence of the electrical resistivity for Ca, Sr.FeO,.

angles affects their physical properties. The electrical property changes from metallic
to semiconducting are related to the structural variations as follows: (1) the increase in
the M-O bondlength in the MO, octahedra, (2) the increase in the distortion of the MO,
octahedra, and (3) the increase in the bend of MO, octahedra connection (M-O-M angle).
The RRuO; (R = Ca, Sr, La Pr) perovskites [10], the RNiO, (R = La, Pr, Nd, Sm)
perovskite [11], RTiO; perovskites (R = La, Ce, Nd, Sm, Gd, Y) [12] are the examples

36



of the geometric effects. The results obtained in the Ca, Sr.FeO, are consistent with

the structure-property relationship described above.

3-6 Magnetic property
Magnetic susceptibility (M) was measured as a function of temperature at fixed
fields of 1 kOe. Figure 3-12 shows the temperature dependence of magnetic

susceptibility of Ca, Sr,FeO;. All the compositions synthesized in this study exhibited
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Fig. 3-12 Temperature dependence of the magnetic susceptibility for Ca, Sr FeO,.
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40k 1.

antiferromagnetic transition with transition temperature, T, = 110 - 130 K. Figure 3-
13 shows the temperature dependence of the inverse susceptibility for the samples with
x=0.0-0.2. The value of effective magnetic moment (5.39 - 5.52 u;) was larger than
the expected spin - only moment of 4.9 u,. SrFeO, is an antiferromagnet with a screw
spin structure of ferromagnetic nearest-neighbor interaction and antiferromagnetic
second - and fourth - neighbor interaction [6]. From similar magnetic behavior in the

Ca,_Sr FeO; solid solution to SrFeO;, the magnetic structure in Ca, Sr.FeOj; is assumed
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to be analogous to that for SrFeO;. The positive Weiss constant with
antiferromagnetic behavior indicates that the nearest ferromagnetic exchange interaction
is strong above the Ty, while below the Ty they order antiferromagnetically.

The changes in slope were observed at the temperatures 290 K, 260 K, and 240
K for the samples with x = 0.0, 0.1, and 0.2, respectively. These temperatures
correspond to the electrical resistively changes and changes in isomer shift in
Mossbauer study. The difference in isomer shift at 4 K becomes smaller with Sr
substitution, which means the CD is expressed in the following way, 2Fe™ — FeC+o* 4
Fe®?% and 6 increased to unity with Sr substitution. However, the degree of slope
change for Ca,4Sr,,FeO; in magnetic susceptibility is larger than that for CaFeO;.

This suggests that the magnetic interactions depend on the Fe-O-Fe angles.

3.7 Conclusion
Ca, Sr,FeO, with no oxygen vacancy was synthesized at high oxygen pressure
using Ca, Sr,FeO,,,s The bend of the FeO, octahedra connection changed from 160°
to 180° with Sr substitution. This change corresponded to the CD behavior, electrical
and magnetic behavior. For the composition x < 0.4, the electrical and magnetic
properties showed slope changes, and these changes corresponded to the beginning of

CD measured by Mdssbauer study.
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Chapter 4

Structural changes of CaFeO, at low temperatures

4-1 Introduction

Charge disproprotionatoin (CD) have been observed for other iron perovskite
oxides (Sr,,LaFeO; [1] and Ba, LaFeO, [2]) and the related oxide (Sr;Fe,O, [3]).
Battle et al. performed low temperature neutron diffraction studies on Sr,LaFe;Oq4, [4]
and BaLaFe,O,,, [5]. Although no changes in crystal structure corresponding to CD
were observed, they assigned the magnetic peaks as being due to ordered layers of Fe™*
and Fe™ arranged in the ratio of 2:1 for Sr,LaFe;Oq,, and showed the random
arrangement of Fe™ and Fe™ in the ratio of 3:1 for BaLaFe,Os.,. Th‘ey explained the
disordered arrangement of Sr and La may quench a periodic structural variation. Dann
et al. also performed low temperature neutron diffraction on Sr;Fe,O;, which has no
cation disorder [3]. However no changes in crystal structure corresponding to CD
were observed. They explained the time scale of CD is too slow to be observed by
neutron diffraction.

Sr,,La,;FeO; shows CD and magnetic transition at the same temperature at
200 K. Therefore, it is very difficult to extract only the crystal structural changes from
neutron diffraction data if it is so small. Recently, transmission electron microscopy
for Sr,,La,-FeO, single crystal grown by the floating zone method revealed the same
structural modulation [6] that was observed for neutron diffraction magnetically. This
shows the structural changes take place at CD transition not only magnetically but also
crystallographically.

Recently, Morimoto et al. reported the structural changes observed by
difference Fourier map using synchrotron X-ray data for CaFeO; [7]. However no
structural data was reported. For CaFeO,, the transition temperature in CD and
magnetic transition temperature is 290 K and 117 K, respectively. Therefore, the
crystal structural change might be observed by measuring in the temperature between
290 K and 117 K. If the Fe’* and Fe®* exist in the low temperature phase, an expansion
and contraction of the FeO, octahedra might be expected.

In the present study, low temperature neutron diffraction measurements for
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CaFeO, and Cay,Sr,,FeO; were performed to study the structural changes

corresponding to CD.

4-2 Neutron diffraction

To clarify the relationship between CD and structural changes, the structures at
low temperatures were refined using neutron powder diffraction data for the samples
CaFeO, and Ca,,Sry,FeO; on a time-of-flight (TOF) neutron powder diffractometer,
VEGA, at KEK. Intensity data for interplaner spacings between 0.5 and 4.97 A were
used for Rietveld analysis, but those in regions 1.375 — 1.384, 1.397 - 1.408, 1.511 -
1.516, 2.132 — 2.152 A were excluded in the refinement owing to the appearance of
very weak peaks due to the sample holder. The diffraction patterns showed no
apparent changes in the temperature range, 130 - 340 K. In the initial refinement,
structural parameters were refined with the space group Pnma using the structural
model used in X-ray diffraction study. Figure 4-1 illustrates the profile fit and
difference pattern at 305 K. The solid line is calculated intensities, dots overlying
them are observed intensities, and Ay, is the differences between observed and
calculated intensities. lThe calculated pattern fits the observed one very well. The
site occupation parameters g for all atoms refined at 305 K were found to be
stoichiometric (g(Ca) = 0.998(4), g(Fe) = 1.0001(18), g(O(1)) = 1.004(4), g(O(2)) =
0.998(7), respectively). Table 4-1 lists final R factors, structural parameters and their
estimated deviations.

Temperature dependence of the lattice parameter and unit cell volume are
shown in figure 4-2. Around 290 K, a change in slope was observed, which
corresponds to the beginning of the CD. It is possible that the symmetry lowered in
the CD transition because of the separation of iron. Space group Pnma has the seven
non-isomorphic subgroups; P2,2,2,, P112,/a, P12,/ml, P2,/nll, Pnm2,, Pn2,a, and
P2,ma. These space groups were used for the low temperature phase in the next
refinement. At 130 K, the splitting of CD is saturated, and magnetic transition is not

observed. Therefore the data at 130 K is appropriate for determining the structural
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Table 4-1 Structural parameters for CaFeO; in Pnma at 305K

(a=5.35115(6)A, b=7.53902(7) A ,c=5.32546(5) A

R.,=4.72%, R,=3.55%, Rx=1.37%, R.=5.84%, R=1.79%, R=0.99%, S=R,,/R.=0.809)

Atom Site g x ¥y z B,/ A’
Ca 4c 1.0 0.0336(3)  1/4 -0.0046(9) 0815
Fe  4b 1.0 112 0.0 0.0 0.245
o(1) 84 1.0 0.2867(2)  0.0337(2)  0.71342)  0.507
0(2) 4c 1.0 0.4893(4)  1/4 0.0656(4)  0.659
Atom U, /A*? Uyl A? Uyl A? Ul A? Uyl A? Uy ! A?
Ca 001149)  0.0076(13) 0.119(12) 0 -0.0027(12) 0

Fe  0.0036(3) 0.0021(6) 0.0036(6) 000014) -0.0004(5)  0.0029(9)
O(1) 0.0063(4)  0.0065(6)  0.0064(5)  0.0009(5)  0.0005(4)  0.0005(5)
O(2) 0.0093(9)  0.0077(11) 0.0080(11) O 0.00048) O

Note. Numbers in parentheses are estimated standard deviations of the last significant digit.

The form of the anisotropic temperature factor is

exp[—Zﬂz(hza*zU“ + k252U + 170Uy, + 2hka™b" Uy, + 2hla™c"Ups + 2klb*c*U23)] .
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Fig. 4-1 Observed, caluculated, and difference plots for CaFeO; at 305K.
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Fig. 4-2 Temperature dependence of the lattice parameter and volume for CaFeQ;.

change accompanied by CD. The final R, factors refined using subgroups model at
130 K are 5.27 (P2,2,2)), 5.28 (P112,/a), 5.22 (P12,/m1), 5.12 (P2,/n11), 5.26 (Pnm2)),
5.24 (Pn2,a), and 5.25 (P2,ma), respectively. The lowest R, factor was obtained with
the P2,/n monoclinic space group. Below 290 K, the structures were refined with the
P2,/n monoclinic space group, which was reported by Morimoto et al. previously [7].
Table 4-2 lists final R factors and Figure 4-3 illustrates the profile fit and difference
pattern. Table 4-3 gives interatomic distances from 290 K to 130 K. Figure 4-4
illustrates the structure of CaFeO, with the space group P2,/n. In this structure, two

iron sites exist, Fe(1) and Fe(2), and Fe(1)O4 octahedra are surrounded by six Fe(2)Oq
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8000

Table 4-2 Structural parameters for CaFeO; in P2,/n at 130 K

(a=5.31301(5)A, b=5.34719(5) A, ¢=7.52351(6) A, =90.063(2)

R,,=5.12%, R,=3.86%, Ry=7.39%, R,=5.58%, Ri=1.70%, R;=0.94%, S=R,,/R,=0.917)

Atom Site g x y z B,/ A?
Ca 4e 1.0 -0.0066(6)  0.0369(3)  0.2489(17)  0.59(2)
Fe(l) 2d 1.0 12 0.0 0.0 0.14(8)
Fe(2) 2c 1.0 0.0 1/2 0.0 0.25(8)
O(1) de 1.0 0.7155(9)  0.2899(12) 0.0355(8)  0.32(8)
0Q2) d4e 1.0 0.7102(9)  0.2851(13) 04663(8)  0.51(9)
0(3) 4e 1.0 0.0669(4)  0.4889(3)  0.2476(9)  0.43(2)

Note. Numbers in parentheses are estimated standard deviations of the last significant digit.
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Fig. 4-3 Observed, calculated, and difference plots for CaFeO; at 130 K.
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Table 4-3 Interatomic distances (A) for CaFeO; at low temperature

Temperature Fe(1)-O(1) Fe(1)-O(2) Fe(1)-O(3) Average Fe(1)-O
290 1.92(3) 1.92(3) 1.93(4) 1.92(4)
285 1.93(3) 1.94(2) 1.91(3) 1.93(3)
280 1.933(17) 1.928(18) 1.94(2) 1.933(19)
275 1.93(4) 1.92(4) 1.92(4) 1.92(4)
270 1.93(3) 1.93(3) 1.93(3) 1.93(3)
265 1.94(2) 1.92(2) 1.947(19) 1.94(2)
250 1.942(10) 1.934(9) 1.935(13) 1.937(113
220 1.947(16) 1.947(15) 1.93(3) 1.940(19)
190 1.93(2) 1.92(2) 1.941(19) 1.93(2)
160 1.948(13) 1.946(12) 1.92(2) 1.937(15)
150 1.950(6) 1.944(6) 1.931(9) 1.942(7)
130 1.948(8) 1.940(8) 1.933(12) 1.941(9)

Temperature  Fe(2)-O(1)  Fe(2)-0(2) Fe2-O(3) Average Fe(2)-O
290 1.93(3) 1.92(3) 1.91(4) 1.92(4)
285 1.91(2) 1.92(3) 1.92(3) 1.92(3)
280 1.918(18) 1.917(18) 1.90(2) 1.92(3)
275 1.92(4) 1.93(4) 1.91(4) 1.92(4)
270 1.92(3) 1.92(3) 1.91(4) 1.92(4)
265 1.91(2) 1.93(2) 1.89(2) 1.91(2)
250 1.907(9) 1.912(10) 1.898(13) 1.906(11)
220 1.900(15) 1.901(17) 1.90(3) 1.901(19)
190 1.92(2) 1.92(2) 1.888(19) 1.91(2)
160 1.897(12) 1.902(13) 1.913(12) 1.904(13)
150 1.898(6) 1.902(7) 1.899(9) 1.900(7)
130 1.900(7) 1.904(8) 1.897(11) 1.900(9)
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Fig. 4-4 Structure of CaFeO, (P2,/n).

octahedra and vice versa. Figure 4-5 shows the temperature dependence of the average
Fe-O bonds in the Fe(1)O4 and Fe(2)O, octahedra. The average Fe-O bonds split into
two, longer Fe(1)-O(average) and shorter Fe(2)-O(average) at the CD transition
temperature, which corresponds to the lower and higher oxidation states of iron,
respectively.  Figure 4-6 shows the variation in the valence bond sums calculated using
the program EUTAX [8] for each atom as a function of temperature. The valence sum
of iron at 305 K is 3.856, and two values of iron atom at 130 K is 3.673 and 4.095,
respectively. These results indicate the difference of charge is smaller than the values

expected from the ionic model. Figure 4-7 shows the monoclinic beta angle. It

deviates from 90° suddenly around 290 K and changes slightly with decreasing
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Fig. 4-6 Temperature dependence of the valence bond sums.
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Fig. 4-7 Temperature dependence of the monoclinic beta angle.

temperature. This behavior is similar to that observed by Mdssbauer spectroscopy.

For Ca,gSr,,Fe0,, low temperature neutron powder diffraction were also
performed and refined in the same way. Figure 4-8 shows the temperature dependence
of the lattice parameters and unit cell volume. Around 240K, a change in slope was
observed in the unit cell volume change, which corresponds to CD, however no

apparent changes were observed in the lattice parameter.
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4-3 Discussion
Photoelectron spectroscopy studies reported by Bocquet et al. [9] revealed the
Fe™, Fe*, and Fe’* ion states to be d&’, &°L, and &’L’ accompanying oxygen hole L,
respectively. The distribution of d electron is d° and CD is expressed as follows: 2d°L
—d® + d’L’. As indicated in the present study, the differences in the two iron — oxygen
bond distances was smaller than expected. This suggests that the Fe - O bonding has
more covalent than ionic character which is consistent with the above CD mechanism

determined by XPS studies.
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Chapter 5

Synthesis and structure of T1,Ru,0, 4

5-1 Introduction

Thallium pyrochlores synthesized under high pressure were reported to show
metallic-semiconducting transition at 120 K [1]. However, it 1s difficult to get
reproducible results on the metallic-semiconducting transition, and the relationships
between the structure, the composition, and physical properties are still ambiguous.
Due to the high vapor pressure of thallium oxide, it is very difficult to control the
stoichiometry.  Previously, thallium pyrochlores were synthesized under ambient
pressure [2]. High temperature phase TL,Ru,Og,, (synthesized at 1173 K) showed
metallic behavior and lbw temperature phase T1,Ru,0; (synthesized at 773 K) showed
semiconducting behavior. However, no metallic—semiconducting transition was
observed. The low temperature phase with nearly stoichiometric composition might
be different from those reported by Jarrett at al. [1]. Synthesis above 1173 K at
atmospheric pressure is difficult because of a complete decomposition from T1,Ru,0; s
to RuO, and TLO. Therefore high pressure techniques are necessary to control the
reaction.

In the present study, TL,Ru,0, s were synthesized under high oxygen pressure
and high pressure, and structure, composition, and physical properties were studied by
neutron diffraction. Pyrochlore oxides are often known to be nonstoichiometry and the
composition of TL,Ru,0, s has oxygen vacancies. From the crystallographic aspect, the
pyrochlore structure with Fd3m symmetry has only one positional parameter x for
oxygen. Neutron diffraction is very powerful probe to determine both the x parameter
and the amount of vacancies. In this study, TOF neutron diffraction was performed to

determine the structures.

5-2 Synthesis and physical properties
The thallium pyrochlores were synthesized under high pressure and high

oxygen pressure. Figure 5-1 shows the temperature dependence of the electrical
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Resistivity p/ Q-cm

resistivity and magnetic susceptibility for both samples. The sample synthesized under
high oxygen pressure showed metallic-semiconducting transition and magnetization
drop at 120 K, and the magnetic susceptibility increased below 20 K. The sample
synthesized under high pressure showed metallic-semiconducting transition and spin-

glass like behavior at 50 K.
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Fig. 5-1 Temperature dependence of the electrical resistivity and magnetic susceptibility for

thallium pyrochlores synthesized under high oxygen pressure (a) and high pressure (b).

5-3 Neutron diffraction
Figure 5-2 shows the temperature dependence of the electrical resistivity for
the thallium pyrochlores synthesized under high oxygen pressure (a), high pressure (b),
ambient pressure (LT phase) (c), and ambient pressure (HT phase) (d). Each sample
shows typical behavior of (a) metallic-semiconducting transition at 120 K, (b) metallic-
semiconducting transition at 50 K, (c) semiconductig, and (d) metallic, respectively.

Previous neutron diffraction studies on the samples synthesized under ambient pressure
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[2] indicated that the compositions were T1,Ru,0, and Tl,Ru,Oq-, for the LT and HT
phase, respectively. The structural studies indicated that these pyrochlores are situated
on a borderline between the metallic [3] and semiconducting [4] behavior as described
later. It is therefore important to determine the compositions and structures of the
samples synthesized under high oxygen pressure and high pressure to clarify the

physical property changes.
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102 — "g —
| Y
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5O
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10° |
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Fig. 5-2 Temperature dependence of the electrical resistivity for the thallium pyrochlores
synthesized under high oxygen pressure (a), high pressure (b), ambient pressure (LT phase) (c),

and ambient pressure (HT phase) (d).
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Neutron diffraction data were taken at room temperature on a time-of-flight
(TOF) neutron powder diffractometer, VEGA, at KEK. The structure was refined with
the space group Fd3m using the initial coordinates, T1 at 16d (1/2, 1/2, 1/2), Ru at 16¢
(0, 0, 0), O(1) at 48f (x, 1/8, 1/8) x ~ 0.32, O(2) at 8b (8/3, 8/3, 8/3). Table 5-1 lists
final R factors, lattice, structural parameters, and their estimated standard deviations.
The site occupancy for O(2) was refined to be stoichiometric (1.00) and 0.96(3) for the
samples synthesized under high oxygen pressure and high pressure, respectively.
Table 5-2 gives interatomic distances and bond angles. Figure 5-2 illustrates the

profile fit and difference patterns.

Table 5-1(a) Structural parameters for TL,Ru,O; 5in  Fd3m
(synthesized under high oxygen pressure, metallic-semiconducting transition at 120 K)
(a=10.1865(2) A, R,;=9.55%, R,=6.96%, Ry=13.50%, R.=7.75%, R=3.08%, Rs=3.66%, S=R,,/R.=1.23)

Atom Site g x ¥ z B,/ A?
Tl 16d 1.0 172 172 172 1.46

Ru 16¢ 1.0 0.0 0.0 0.0 1.28
o) 48f 1.0 0.3256(4) 1/8 1/8 1.68
02) 8b 1.0 3/8 3/8 3/8 1.63
Atom U, 1A U,/ A? Uyl A? U,/ A? Ul A? Uyl A?
Tl 0.0184(16) =U,, =U, 20.0012(17) =U, =U,
Ru 0.0162(15) =U,, = U, 0.000(2) =U, =U,
o 0.024(2) 0.0199(16) =U,, 0 0 0.04(2)
0(2) 0.021(3) =U, =U, 0 0 0
Ru0,”

(a=4.4890(2) A, c=3.1049(4) A, R=8.61%, R;=5.73%)

Atom Site g x y z B, /A?
Ru 2a 1.0 0.0 0.0 0.0 1.4(5)
0] 4f 1.0 0.309(2) =X 0.0 0.5(3)

¥ Refinement using space group P4,/mmm
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Table 5-1(b) Structural parameters for T1,Ru,0; 5in Fd3m
(synthesized under high pressure, metallic-semiconducting transition at 50 K).
(a=10.1831(2) A, R,,=6.86%, R,;=5.36%, Rx=20.66%, R.=6.13%, R=3.74%, R=3.04%, S=R,,/R.=1.12)

Atom Site g x y z Bl A*
Tl 16d 1.0 12 12 172 1.46

Ru 16¢ 1.0 0.0 0.0 0.0 1.34
o(1) 48f 1.0 0.3247(4) 1/8 1/8 1.61
02) 8b 0.96(3) 3/8 3/8 3/8 1.45
Atom U,/ A? U,/ A? Uyl A? U,/ A? U,/ A? U,/ A?
Tl 0.0185(14) =U,, =U, -0.0006(16) =U,, =Up,
Ru 0.0170(14 =U, =U, 0.000(2) =U, =U,
o(1) 0.023(2) 0.0189(16) =U,, 0 0 0.04(2)
0(2) 0.018(4) =U, =U, 0 0 0

Note. Numbers in parentheses are estimated standard deviations of the last significant digit.
The form of the anisotropic temperature factor is
exp[-27(h2a™2U,, + K26 Uy, +12¢™ Uy + 2hka’b Uy +2h1a"c Uy + 2kib"cUs )|

Table 5-2 Interatomic distances and bond angles for Tl,Ru,0, synthesized under high oxygen
pressure and T1,Ru,0q 44 synthesized under oxygen pressure

Coordinate triplets: 1 )x, y+1/2, z+1/2; ii)x-1/4, y+1/4, -z;
i)-x+1/4, -y+1/4, z; V)-x+1/4,y, -z+1/4; V)-x, -y+3/4, -z+3/4
vi)x, y-1/2, z-1/2; Vii)-x+3/4, y, -z+3/4; Vii)-z, x-1/4, y-1/4

Phase TLRu,0, T1L,Ru,04
Distances dl A
TI-O(1') (X6) 2.530(3) 2.535(3)
TI-0(2) (X2) 2.2054(1) 2.2047(1)
Ru-0O(1%) (X 6) 1.9586(18) 1.9543(17)
Angles er°
Ru?-0(1)-Ru® » 133.7(2) 134.2(2)
TIY-O(1)-TI¥ 90.78(15) 90.48(14)
TI' -0(2)-Ti" 109.4712 109.4712
O(1")-Ru-0(1'%) 95.09(17) 94.75(15)
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Fig. 5-2 Observed, calculated, and difference plots for TL,Ru,0; and TI,Ru,O4 .

refinement of TI,Ru,0; was carried out using two-phase model with RuO,.

57



To clarify the relations between the structures and physical properties, the bond

distances and angles are summarized for the compositions and synthesis comditions.

(1) TLRu,O, (120MS, high oxygen pressure phase with stoichiometric composition),

(i1) TLRu,O4 o (SOMS, high pressure phase with small amount of oxygen vacancies),

(iii) TL,Ru,O, (LT, low-temperature phase at ambient pressure condition),

(iv) TLRu,Oq, (HT, high-temperature phase with oxygen vacancies).
Like the cubic-perovskite structure, the pyrochlores A,B,0,0' have a BO, array of
corner-sharing octahedra, but the B-O-B angles are reduced from 180° to about 130°.
Reduction of the B-O-B angles from 180° reduces the B-O-B overlap integrals; the
electrical properties of the pyrochlores might thus be affected by a small change in the
B-O-B angles. Figure 5-4 shows the relationship between the bond distances and bond
angles of four samples indicated above (i), (ii), (iii), and (iv). With increasing Ru-O(1)
distances, O(1)-Ru-O(1) angles split from 90°, the Ru-O(1)-Ru angle decreases, and the
T1-O(1) distance decreases. The increase in the Ru-O(1) bond lengths leads to the
distortion of RuOg octahedra, and the reduction of Ru-O(1)-Ru angles, which tends to
localize electrons due to the reduced Ru-O(1) interaction. The pyrochlore structure is
viewed as being made up of two networks, (TL,O).. and (RuO,)., which
interpenetrate with each other. The bridging oxide ions, O(1), are connected to both T1
and Ru ions, and the TI-O(1) bond strength might strongly affect the Ru-O(1) bond.
These two interactions are competitive; the stronger the T1-O(1) bond, the weaker the
Ru-O(1) bond. The fact that the T1-O(1) distance decreases with increasing Ru-O(1)
distance corresponds to the change from semiconducting to metallic character, through
the metallic-semiconducting transition.  The relationship between the electrical
properties and the structures has been reported for the Bi, Ln Ru,0, and Pb, ,Ln Ru,0, ;
(Ln = Pr-Lu, Y) solid solutions [4, 5, 6]. The resistivity increases with x, and the
metallic property changes to semiconducting between x = 1.2 and 1.4. With increasing
Ln content, the Ru-O(1) bond lengths increase, the distortion of the RuO, octahedra
increases, and the bend in the RuOy zigzag chains increases from x = 0 to 2.0. These
structural changes are quite similar to those found in the thallium pyrochlores. Figure
5-5 summarizes the Ru-O(1) bond distances and the Ru-O(1)-Ru angles for the Ru-

containing pyrochlores. The metallic region is obviously separated from the
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semiconducting region; the compounds with Ru-O(1) distances of 1.94-1.97 A and Ru-

O(1)-Ru angles of 134-139° show metallic behavior, and those with Ru-O(1) distances
of 1.97-2.00 A and Ru-O(1)-Ru angles of 129-134° show semiconducting behavior.

The bond distances and bond angles determined for T1,Ru,0O, s correspond to the

borderline between metallic and semiconducting behavior.

Recently, the importance

of the Ru-O-Ru angle was also confirmed by neutron diffraction studies on Ln,Ru,0,

[7]1. They indicated that the angles greater than 133° are necessary to facilitate metallic

conductivity, which is consistent with the present results.
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Fig. 5-5 Relations between the Ru-O distances and Ru-O-Ru angles in A,Ru,0; ;.
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Figure 5-6 shows the relations between ionic radii of A ions [8] and A-O(1), A-
0(2), and the average of eight A-O distances in the ruthenium pyrochlores. The data is
taken from previous X-ray Rietveld refinement results {4, 5] and also from the recent
results on neutron diffraction experiments [7]. The bond distances obtained from the
X-ray and neutron diffraction experiments are consistent with each other with exception
of the bismuth pyrochlore. This might be caused by the difference in the sample
stoichiometry; the sample used for the structure analysis using neutron diffraction
contains O(2) deficiency and the composition was Bi,Ru,Oq4, [9].  The Pb-O distances
are also shorter than the value expected from other lanthanum series, which might be
caused by the different valence, Pb***, and oxygen deficiency [3]). In the
stoichiometric pyrochlores (4,Ru,0, with A = Y, Dy, Gd, Sm, Nd, Pr, Bi, and Tl), the A
-0 distances increase with increasing ionic radii of the lanthanum ions from Y to Pr,
and the Bi-O distances obtained by the X-ray data are consistent with those expected
from the extrapolation from Y to Pr. The dashed line, A-O(average), is obtained from
the sum of the ionic radii of lanthanum ions and oxygen ions and the line is consistent
with the A-O(average) plots determined from the X-ray _and neutron diffraction
experiments. However, the TI-O distances significantly deviate from the values
expected from the relationship. This indicates that the ionic radii used for thallium [8]
is too short in the pyrochlore structure and a reasonable value for TI"*(VII) is estimated

from this figure to be 1.08 - 1.09 A.
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Fig. 5-6 Relations between ionic radii and A-O bond distances. Bond distances are taken from
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5-4 Conclusion

Systematic synthesis in high pressure condition was carried out to elucidate the
relationship between synthesis condition and physical properties. Two categories of
electrical properties were found: metallic-semiconducting transition at 120 K (high
oxygen pressure synthesis), and metallic-semiconducting transition at 50 K (high
pressure synthesis). Magnetic measurements also showed the different behavior
depending on the synthesis condition. The sample synthesized under high oxygen
pressure showed the magnetization drop at metallic-semiconducting transition
‘temperature 120 K and an increase below 20 K. The sample synthesized under high
pressure showed spin-glass like behavior at metallic-semiconducting transition
temperature 50 K.

Neutron diffraction study clarified the compositions and structures for both
samples. While a small amount of oxygen vacancy (T1,Ru,O4,5) was observed for the
sample synthesized under high pressure, the stoichiometric composition (TL,LRu,0,) was
found for the sample synthesized under high oxygen pressure. The structure
determined for TLRu,0,; correspond to the borderline between metallic and
semiconducting behavior, and a small change in structure has much effect on the

physical properties.
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Chapter 6

Metallic—semiconducting transition at 120 K in thallium pyrochlore

6-1 Introduction
Stoichiometric  thallium pyrochlore TL,Ru,0, shows the metallic—
semiconducting transition and magnetization drop at 120 K. However, the mechanism
of metallic—semiconducting transition and magnetization drop is not clear. In this
study, neutron diffraction measurement was performed to study the structure below the

transition temperature.

6-2 Neutron diffraction at low temperatures

Neutron diffraction data were taken at 150, 100, and 2 K on an angle dispersion
neutron powder diffractometer, D2B, at the ILL. The diffraction pattern at 150 K
indexed as a cubic cell and the parameters were refined with space group Fd3m. The
site occupation parameters, g, of the T1, and O(2) sites were also refined; no significant
deviation from the stoichiometric composition was observed for the Tl (g = 1.000(2)),
and O(2) (g = 1.000(6)) sites. In the final refinement cycle, anisotropic thermal
parameters were assigned for all the sites. No correction was made for preferred
orientation. The refinement results are indicated in Table 6-1. Bond distances and
angles are shown in Table 6-2.

The diffraction pattern at 100 K also indicated a cubic cell with a = 10.17 A,
similar to that of 150 K. However, small reflections were observed and are indexed by
the same cell as the parent cubic cell. No extinction rules were observed in this cubic
cell. Previously, the superlattice reflections was observed by low-temperature X-ray
diffraction measurements [1], and the reflections were consistent with those observed in
the neutron diffraction measurements. This indicates a first order crystallographic
phase transition. The refinements were carried out using several structural models
with lower symmetry such as P43m and P4m2. However, these models did not lead

to low R-values. Several structural models have been proposed based on the ordering
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Table 6-1 Structural parameters for T1,Ru,0,_5in Fd3m at 150 K
(synthesized under high oxygen pressure, metallic-semiconducting transition at 120 K)
(a=10.17528(5) A, R,,=3.08%, R,=2.33%, Ry=9.33%, R.=2.25%, R=2.04%, R,=1.40, S=R,,/R.=1.3728)

Atom Site g x y z B,/A?
Tl 16d 1.0 172 172 172 0.48

Ru 16¢ 1.0 0.0 0.0 0.0 0.24
o) 48f 1.0 0.32684(10) 1/8 1/8 0.48
0(2) 8b 1.0 3/8 3/8 3/8 0.50
Atom U, /lA? Uyl A2 Uyl A? U,/ A? UslA? Uyt A?
Tl 0.00613) =U, = U, 0.00023) =U, . =U,
Ru 0.0030(3) =U, =U, 0.0006(4) =U, =U,
o(l) 0.0095(5) 0.0043(3) =U, 0 6 0.0011(4)
0Q) 0.0063(8) =U, =U, 0 0 0
RuQ,”

(a=4.48814(17) A, ¢=3.10589(16) A, R=5.85%, R,=3.91%)

Atom Site g x ¥ z By / A?
Ru 2a 1.0 0.0 0.0 0.0 0.32(17)
0 4f 1.0 0.3054(6) =x 0.0 0.21(17)

Note. Numbers in parentheses are estimated standard deviations of the last significant digit.
The form of the anisotropic temperature factor is
expl -2 (R2a™U,, + K260y, + 12Uy + 2hka™b Uy + 2hla’c Uy + 2kl U )|

* Refinement using space group P4,/mmm
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Table 6-2 Interatomic distances and bond angles for TI,Ru,0; synthesized under high oxygen
pressure at 150 K

Coordinate triplets: 1 )x, y+1/2, z+1/2; ii)x-1/4, y+1/4, -z;
ili)-x+1/4, -y+1/4, z; V)-x+1/4,y, -z+1/4; V)-x, -y+3/4, -z+3/4
vi)x, y-1/2, z-1/2; Vii)-x+3/4, y, -z+3/4; Vii))-z, x-1/4, y-1/4

Phase TLRu,0,
Distances dl A
TI-O(1') (X6) 2.530(3)
TI-0(2) (X2) 2.2054(1)
Ru-0(11) (X 6) 1.9586(18)
Angles e/
Ru-0(1)-Ru™ 133.7(2)
TIV-0(1)-T1V 90.78(15)
TIV-0(2)-T1" 109.4712
O(1"-Ru-0(1'h 95.09(17)

in the metal ions in the pyrochlore structure. For example, one dimensional ordering
of the metal ions sites was reported for the fluoride pyrochlores, NH,Fe,F,, where the
Fe** and Fe’ ions are ordered one dimensionally along the 010 and 100 directions,
respectively, in the orthorhombic cell with space group Pnma [2, 3]. This model was
then considered for the low-temperature structure. In the space group Pnma, both T1
and Ru sites split into two, and these two sites order one dimensionally. The 48f O site
is divided into four sites. Thé relationship between the cubic and the new
orthorhombic cell is as follows: a,= b, = a/2'”. Refinements using this structural
model led to a significant reduction in the R-values, and all superlattice reflections were
explained by this model. In the final refinement, the refinement on the B parameters

was unstable and the B parameters of the oxygen sites had to be constrained to the same
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value. The diffraction pattern at 2 K also shows the same superlattice reflections as
that of 100 K, and no magnetic reflections were observed. The refinements were
carried out with the same structural model.

Figure 6-1 shows the profile fit and difference patterns of T1,Ru,O; at 150, 100,
and 2 K. The refinement results at 100, and 2 K are indicated in Table 6-3. Bond
distances and angles are shown in Table 6-4. The temperature dependence of the
lattice parameters for the thallium pyrochlores with the results obtained for X-ray
diffraction are shown in Figure 6-2. A large increase in the lattice parameters was
observed at the transition temperature, 120 K. This is explained by a first order
crystallographic phase transition. Figure 6-3 shows the temperature dependence of the
atomic distances and angles. The average values of TI(1)-O, TI(2)-O, Ru(1)-O, and
Ru(2)-O distances are indicated for the low-temperature phase. The Ru-O distances
increase slightly from 1.9619(4) to 1.969 A from 150 to 100 K, and the increase in the
Ru-O distance corresponds to the metallic to semiconducting transition. ~ On the other
hand, the TI-O distances decrease slightly from 2.449 to 2.439 A from 300 to 150 K,
and then split into two, shorter (2.422 A) and longer (2.466 A) distances below the
metallic-semiconducting transition temperature. Larger splitting for the TI sites may
indicate charge disproportionation of the Tl ions. To address the electronic
implications of these structural changes, valence bond sums and Madelung site
potentials have been calculated using the program EUTAX [6-4]. Figure 6-4
illustrates the variation in the valence bond sums for Tl, Ru, and O(1), and O(2) as a
function of temperature. The results obtained at 300 K were calculated from the TOF
neutron diffraction data. Below the metallic-semiconducting transition temperature of
120 K, Tl and Ru sites divided into two sites. At 100 K, two Tl sites were 2.6 and 2.9,
respectively, while the two Ru sites gave almost similar valence values. The valence
sum calculation also suggests the charge disproportionation for the Tl at the metallic-
semiconducting transition with 2TI* — TI®?? + TI'?*  Figure 6-5 shows the
structure of T,Ru,0, at 100 K.  In this structure, Tl and Ru sites are divided into two
sites with a 1:1 ratio. Two Tl sites correspond to TI**-® and T1"*** which are ordered

one dimensionally.
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Fig. 6-1 Observed, calculated, and difference plots for the neutron Rietveld analysis for

TIL,Ru,0; at 150 K, 100 K, and 2 K.
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Table 6-3 Structural parameters for T1,Ru,0; in Pnma at 100 K

(synthesized under high oxygen pressure, metallic-semiconducting transition at 120 K)

a=7.2022(4) A, b=7.2051(5) A, c=10.1815(7) A, R,,=3.47%, R,=2.68%, Rx=10.57%

R.=2.20%, R=2.50%, Rr=1.70%, S=R,/R.=1.5746

Atom Site g x ¥ z B,/ A?
TI(1) 4a 1.0 0 0 0.5 0.60(7)
TI(2) 4c 1.0 02497(7) 0.5 0.7709(5)  0.24(10)
Ru(1) 4a 1.0 0.0 0.0 0.0 0.21(8)
Ru(2) 4c 1.0 0.2315(13)  0.25 02550(5)  0.51(11)
o 4c 1.0 -0.0180(11) 0.25 0.3524(9) 0.27(3)
02) 4c 1.0 0.0064(12) 0.25 0.9274(9) =0(1)
0(3) 8d 1.0 0.1761(6)  0.4395(8)  0.1342(7)  =0(1)
04) 8d 1.0 0.7792(8)  04538(8)  0.1222(6)  =O(1)
0O5) 4c 1.0 0.5173(10) 0.25 0.8745(12) = =0(1)

Structural parameters for T1,Ru,0; in Pnma at 2 K

(synthesized under high oxygen pressure, Metallic-semiconducting transition at 120 K)

a=7.2022(3) A, b=7.2060(5) A, c=10.1802(6) A, R,,=3.70%, R,=2.91%, R¢=9.68%

R.=2.40%, R=2.35%, R,=1.47%, S=R,JR.=1.5404

Atom Site g x y z B /A?
TI(1) 4a 1.0 0 0 0.5 0.61(6)
TI(2) 4c 1.0 0.2483(5) 0.25 0.7719(5) 0.10(8)
Ru(1) 4a 1.0 0.0 0.0 0.0 0.06(6)
Ru(2) 4c 1.0 02296(11)  0.25 02539(4)  0.33(9)
Oo(1) 4c 1.0 -0.0201(10) 0.25 0.35478) 0.15(3)
0Q) dc 1.0 0.0063(10)  0.25 09301(7)  =0(1)
0O@3) 8d 1.0 0.1748(6) 0.4416(7) 0.1342(6) =0(1)
O4) 8d 1.0 0.7798(7) 0.4561(7) 0.1218(6) =0(1)
0O5) 4c 1.0 0.5172(9) 0.25 0.8759(10) =0(1)
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Table 6-4(a) Interatomic distances and bond angles for T1,Ru,0;

Temperature 100K 2K
Distances d/A

Ru(1)-0(2) (X2) 1.948(3) 1.938(3)
Ru(1)-0(3) (X2) 1.914(7) 1.911(6)
Ru(1)-O(4) (X2) 2.046(7) 2.042(6)
average Ru(1)-O 1.969 1.964

Ru(2)-0(1) 2.052(12) 2.069(11)

Ru(2)-0(1) 2.110(13) 2.121(11)
Ru(2)-0(3) (X2) 1.880(7) 1.878(6)
Ru(2)-0(4) (X2) L.95K7) 1.978(7)
average Ru(2)-O 1.973 1.984

Angles 8/°

0O(2)-Ru(1)-0(4) 84.3(3) 84.5(3)
0(2)-Ru(1)-0(3) 87.4(2) 87.5(2)
0O(3)-Ru(1)-0(4) 87.5(3) 87.7(2)
0(1)-Ru(2)-0(3) 97.5(5) 98.1(4)
O(1)-Ru(2)-0(4) 81.1(2) 81.0(2)
0O(1)-Ru(2)-0(3) 81.0(4) 80.7(3)
O(1)-Ru(2)-0(4) 100.4(4) 100.2(3)
0O(3)-Ru(2)-0(4) 84.9(3) 84.3(2)
O(3)-Ru(1)-0(3) 93.1(4) 94.4(3)
O(4)-Ru(1)-0(4) 97.1(4) 97.0(4)
Ru(1)-O(2)-Ru(1) 135.3(4) 136.7(4)
Ru(2)-0O(1)-Ru(2) 119.9(5) 118.6(4)
Ru(1)-O(3)-Ru(2) 140.6(4) 139.8(3)
Ru(1)-O(4)-Ru(2) 130.3(3) 130.5(3)
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Table 6-4(b) Interatomic distances and bond angles for TLRu,0,

Temperature 100K 2K
Distances dl A
TI(1)-0(1) (X2) 2.349(6) 2.333(5)
TI(1)-0(3) (X2) 2.739(5) 2.746(4)
TI(1)-04) (X2) 2.388(6) 2.390(5)
TI(1)-O(5) (X2) 2.212(7) 2.207(6)
average TI(1)-O 2.422 2419
TI(2)-0(2) 2.368(10) 2.377(9)
TI(2)-0(2) 2.738(9) 2.766(8)
TI(2)-0(3) (X2) 2.688(6) 2.682(5)
TI(2)-0(4) (X2) 2.405(6) 2.390(5)
TI(2)-0(5) 2.197(12) 2.207¢10)
TI(2)-0(5) 2.235(10) 2.238(8)
average T1(2)-O 2.466 2.467
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Fig. 6-2 Temperature dependence of the lattice parameters determeined by the X-ray (O) and

neutron (@).
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Ru()O, Ru(2)0, TI1) TIRQ) O()

Fig. 6-5 Structure of T,Ru,0; at 100 K.
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6-3 Discussion

Low temperature neutron diffraction measurements clarified the structural
changes from Fd3m to Pnma at the transition temperature for TL,Ru,0, synthesized
under high oxygen pressure. The average bond distances and valence bond sums
indicated that the thallium plays an important role in metallic-semiconducting transition.
However, the magnetic interactions at the transition are not still clear. In order to
investigate whether the transition is related to the magnetic interaction in the Ru
sublattice, low temperature Mossbauer and SR studies were performed. For the
Mossbauer spectroscopy , a °’Fe doped sample was used for the measurements. The
composition of the sample was TL,Ru, o 'Fe,,Ru,0,. X-ray diffraction pattern of the
sample indicated a single phase of the pyrochlore and no impurity phase was observed.
The electrical resistivity and magnetric measurements showed the same behavior as
TLRu,0,. Figure 6-6 shows the Mossbauer spectra for Tl,Ru, 4’ Fe, ,,Ru,0, between

300 and 100 K. The spectra showed no magnetic peak below the transiton

eaBtand & 03

300K

| 1 |
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velocity v/ mm-s*

Fig. 6-6 Mossbauer spectra for TI,Ru, o5° Feg0;RU,0;
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temperature 120K. This indicated no magnetic transition occurred at the transition
temperature 120 K. However, the quadropole splitting shown in Figure 6-7 increased
at the transition temperatutre, which indicates symmetry reduction surrounding the iron,
and this is consistent with the structural change from Fd3m to Pnma observed by

neutron diffraction measurements.  Isomer shift increased continuously with

decreasing temperature.
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Fig. 6-7 Temperature dependence of the quadrupole splitting and isomer shift for

T1,Ru, 45" "Feg oRu,0;.

USR 1is a powerful probe for determination of magnetic structure. When
muon is put into the materials, it loses energy and stop in the lattice. After the average
lift time of 2.2 psec, muon disintegrates to positron e¢*. The time dependence of the
distribution of e* is measured, and the distribution is reflected by the internal magnetic
field of that. For TLRu,0,, USR spectra was measured between 295 K to 5 K at
RIKEN-RAL muon facility at Rutherford Appleton Laboratory (RAL) in UK [5].
Figure 6-8 shows the spectra obtained at 295, 115, 20, and 5 K. Figure 6-9 shows the

_temperature dependence of the asymmetry. The asymmetry showed no apparent
changes at the transition temperature of 120 K. However, it changed below 20 K.
This indicated the transition at 120 K is not magnetic one, and below 20 K a new

magnetic interaction occurs.
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‘Both Mdssbauer and pSR study showed that the transition at 120 K does not
accompany any strong magnetic correlation, and these results are consistent with the
neutron diffraction results that Tl plays an important role in metallic-semiconducting
transition.

Previously, the electronic structure estimated by XPS, UPS and HREELS
showed the 6s or 6p orbitals of A ion are close to E; for Pb,Ru,0O s and Bi,Ru,0, [6, 7,
8]. In thallim pyrochlore, there is a possibility that the T1 6s or 6p orbitals are close to
E; because Tl has metallic property. Band calculations for TL,Ru,0, and Y,Ru,0O,
were performed [9] by Ishii ef al. by the Local Density Approximation (LDA) method.
Figure 6-10 shows the total and partial density of state of T,Ru,0, and Y,Ru,0,. The
Ru 4 (t,,) and Op antibonding state was observed near E; in both calculations. Figure
6-11 shows the partial density of state in Tl and Y site. While the TI-O-Ru
antibonding state which is derived from TI1-6s orbital was observed near E;. for T1,Ru,0O,,
no such antibonding state was found for Y,Ru,0,. These results indicate that Tl-6s
orbital is located near E; and metallic-semiconduicting transition is suggested to be

caused by the splitting of this band.
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Fig. 6-10 The total density of state of Tl,Ru,O; and of Y,Ru,0;. The Ru, O(l), and O(2)

partial density of state are also shown [9].
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Fig. 6-11 The partial density of state in Tl site of T1,Ru,0, and Y site of Y,Ru,0; [9].

Ultraviolet Photoemission Spectroscopy (UPS) and Bremsstrahlung Isochromat
Spectroscopy (BIS) were performed for T1,Ru,0; to study the band structure [10]. The
valence band near the E; is observed by UPS, and the conduction band is measured by
BIS, respectively. Figure 6-12 shows the UPS and BIS spectra for TL,Ru,0,. The
density of state decreased with decreasing temperature from 140 K to 50 K for UPS,
and from 300 K to 80 K for BIS, successively. These results are consistent with the

metallic-semiconducting transition observed by electrical conductivity measurements.
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Fig. 6-12 UPS and BIS spectra for Tl;Ru,0;. The spectra are ranged from the top (140K) to
the bottom (50K) for UPS [10].
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Chapter 7

Spin-glass like behavior in ruthenium containing pyrochlore

7-1 Introduction

Thallium pyrochlore T1,Ru,Oq 4 with a small amount of oxygen vacancy shows
the metallic-semiconsucting transition and spin-glass like behavior at 50 K.
Pyrochlore structure is composed of three dimensional tetrahdra corner sharing network.
Therefore, there is a possibility for frustration, just as 2D triangular, Kagomé, and 3D
spinel structure. Indeed, some pyrochlore oxides show spin-glass like behavior (1, 2,
3) and short range magnetic interaction was observed by neutron diffraction
measurements. )

In the present study, low-temperature neutron diffraction measurements were
performed to study the spin-glass like behavior. Furthermore, the relationship between
oxygen vacancies and spin-glass like behavior, and the properties of Y,Ru,O;, which

has no magnetic contribution from A site, were studied.

7-2 Neutron diffraction at low temperatures

Neutron diffraction data were taken at 100 K and 2 K on an angle dispersion
neutron powder diffractometer, D2B, at the ILL. At 100 K, the structure model
Fd3m was used. The site ocuppation parameters, g, of the O(2) were refined to be
0.951(6). This is consistent with the result {g=0.96(3)] obtained from TOF neutron
diffraction data at room temperature. Examination of the diffraction pattern at 2 K
showed no evidence of superlattice reflections which indicated symmetry changes at the
transition temperature, and no magnetic ordering was observed either. Table 7-1 lists
final R factors, lattice and structural parameters with their estimated standard deviations
in parentheses. Table 7-2 gives interatomic distances and bond angles. Figure 7-1
illustrates the profile fit and difference patterns for both samples. Figure 7-2 shows the
temperature dependence of the lattice parameters for TL,Ru,Ogos. The results were

obtained from both X-ray and neutron diffraction data. The parameters determined
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using the neutron and X-ray diffraction data are consistent with each other. With
decreasing temperature, the TI-O(1) and T1-O(2) distances decrease from 2.535(3) and
2.2047(1) A (300 K) to 2.5172(7) and 2.2017(1) A (2 K), respectively, while the Ru-O
distance increases slightly from 1.9543(17) A (300 K) to 1.9598(4) A (2K). The Ru-
O-Ru angle decrease from 134.2(2)° (300 K) to 133.07(5)° (2 K). These structural
changes are consistent with the property change from metallic to semiconducting with
decreasing temperature, and these changes are similar to those observed for other
A,Ru,0, pyrochlores [4, 5].

Reimer et al. found short range magnetic ordering for the pyrochlores,
Tb,Mo,0, and Y,Mo0,0; [3], using the difference plots of the neutron diffraction data
between the high temperature non-magnetic state and the low-temperature magnetic
ordering state. Similar plots were examined using the diffraction data at 100 K and 2

K. However, no significant peaks were observed in the difference plots.

Table 7-1(a) Structural parameters for TI,Ru,0, ;in Fd3m at 100 K
(synthesized under high pressure, metallic-semiconducting transition at 50 K)
(a=10.171793) A, R,,=3.75%, R,=2.80%, R=2.61%, R;=1.90, S=R,/R,=1.54)

Atom Site g x y z B, /A’

T 16d 1.0 112 12 12 0.36

Ru . 16¢ 1.0 0.0 0.0 0.0 0.36

o) 48f 1.0 032634)  1/8 1/8 0.51

0(2) 8b 0.951 3/8 3/8 3/8 0.43

Atom Uyl A? Up/A? Uyl A® UplA® UplA® Up/ A

Tl 0.00453)  =U, =U, 0.0003(11) = U, = U,

Ru 0.00453)  =U, -U, -0.0005(15) = U,, = U,

o) 0.011(2) 0.0044(12) = Uy, 0 0 -0.0017(16)
0Q) 0.00438) =U, =U, 0 0 0
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Table 7-1(b) Structural parameters for T1,Ru,0, sin Fd3m at2 K
(synthesized under high pressure, metallic-semiconducting transition at 50 K)
(a=10.16730(3) A, R,,=3.62%, R,=2.78%, R=2.58%, R,=2.21, S=R,/R.=1.55)

Atom Site g x y z B,/ A*

Tl 16d 1.0 12 12 12 0.20

Ru 16¢ 1.0 0.0 0.0 0.0 0.31

o(1) 48f 1.0 0.3268(4)  1/8 1/8 0.47

0(2) 8b 0.951 3/8 3/8 3/8 0.43
Atom U,/ A? Uyl A? Uyl A? Uyl A? UslA? Uyl A?
Tl 0.0025(11) =U, =U, 0.0010(11) =U, =U,

Ru 0.0040(9) =U,, =U, -0.0007(14) =U, =U,
o(1) 0.011(2) 0.0034(11) =U,, 0 0 - 0.0011(15)
0(2) 0.00438) =U,, =U, 0 0 0

Note. Numbers in parentheses are estimated standard deviations of the last significant digit.

The form of the anisotropic temperature factor is

exp| =212 (h2a™U, +k*bU,, +12¢** U,y + 2hka*b"U,, + 2hla"cU,, + 2kib™c* U, ) |.
P 1 2 33 12 13 23

Table 7-2 Interatomic distances and bond angles for T1,Ru,O5

Coordinate triplets: 1 )x, y+1/2, z+1/2; ii)x-1/4, y+1/4, -z;
{ii)-x+1/4, -y+1/4, z; IV)-x+1/4, y, -z+1/4; V)-x, -y+3/4, -z+3/4
vi)x, y-1/2, z-1/2; vil)-x+3/4, y, -z+3/4; vii)-z, x-1/4, y-1/4

Temperature 100K 2K
Distances d/A
TI-0(1') (X6) 2.535(3) 2.530(3)
TI-O(2) (X2) 2.2047(1) 2.2054(1)
Ru-O(11) (X 6) 1.9543(17) 1.9586(18)
Angles 8/°
Ru-0(1)-Ru®™ 134.2(2) 133.7(2)
TIV-0(D)-T1" 90.48(14) 90.78(15)
TIV-0(2)-TI" 109.4712 109.4712
0O(11)-Ru-0(1'% 94.75(15) 95.09(17)
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Fig. 7-2 Temperature dependence of the lattice parameter determined by the X-ray (O) and
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7-3 Spin-glass like behavior in thallium pyrochlore

Although the pyrochlore with a small amount of oxygen vacancy showed spin-
glass like behavior, the effect of the oxygen vacancy on the structure disorder to the
spin-glass transition is not clear. To elucidate the relationship between oxygen
vacancy and spin-glass like behavior, magnetic susceptibility measurements were
performed for the ruthenium pyrochlores synthesized using ambient pressure, and
stoichiometric pyrochlore synthesized under high oxygen pressure.

Figure 7-3 shows the temperature dependence of the magnetic susceptibility for
these pyrochlores. High temperature phase showed no difference in M / H between fc
and zfc measurement. Low temperature phase showed the difference in M / H between

in zfc and fc at 40 K together with a M / H value decrease at 120 K. Although the
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metallic-semiconducting transition was not observed for this sample by electrical
conductivity measurement, the magnetic anomaly corresponding to the metallic-

semiconducting transition was observed.  This indicates that the sample is
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Fig. 7-3 Temperature dependence of the magnetic susceptibility for thallium pyrochlores
synthesized under ambient pressure, high temperature phase (a), low temperature phase (b), and

high oxygen pressure (c).  @zero field cooled  Xfield cooled

87



stoichiometric, and only a small domain of the sample may behave a semiconducting
phase without long range ordering of the charge disproportionation of Tl. High
oxygen pressure phase showed a slight difference between zfc and fc in the M/H curve
around 40 K together with the magnitization drop corresponding to the metallic
semiconducting transition at 120 K. These results indicated that the thallium
pyrochlores with a small amount of oxygen vacancy and no oxygen vacancy show spin-
glass like behavior.

To elucidate the relationships between oxygen vacancy and spin-glass like
behavior, the oxygen deficient thallium pyrochlores T1,Ru,0; s was synthesized under
high pressure in reducing condition using Ru metal. The nominal oxygen composition
was varied from 6.9 to 6.5. Figure 7-4 shows the X-ray diffraction- patterns for the
oxygen deficient thallium pyrochlores TL,Ru,0,5 For the sample with composition
TLRu,O¢;, RuO, and an unknown phase were observed. Figure 7-5 shows the
composition dependence of the lattice parameter obtained from Rietveld refinement.
The lattice parameter increased with oxygen content from 7.0 to 6.7, corresponding to
the increase in the oxygen vacancy. However, no change was observed between
8=0.3 and 0.5. Figure 7-6 shows the temperature dependence of the magnetic
susceptibility for the oxygen deficient thallium pyrochlores TL,Ru,0,, Figure 7-7
shows the oxygen content dependence of the transition temperature. In the region 0.1
< 8 £ 0.25, spin-glass like behavior was observed, and the transition temperature
decreased with oxygen deficiency. In the region 0.3 < 6 < 0.5, no maganetic transition
was observed. These results indicated that the thallium pyrochlores show spin-glass
like behavior, the transition temperature decreases with increasing oxygen vacancy and
disappears at 6 = 0.3. However, these results are not consistent with the magnetic
behavior observed in 2D triangular lattice [6], in which the transition temperature

decreases with decreasing non-stoichiometry.
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7-4 Properties of Y,Ru,0,

The electronic property of the thallium pyrochlore is affectecd by the Ru 4d
and Tl 6s band and the band overlap of Tl 6s band is significant in its metallic
conduction. On the other hand, the spin-glass like behavior is also observed for the
thallium pyrochlores. The origin of the spin glass-like behavior might be (i) the
ruthenium lattice with electrons from Ru 4d band, (ii) band overlap between Ru 4d and
Tl 65 which is the same as its electronic conduction. Therefore, it is important to
clalify the magnetic property of the ruthenium pyrochlore which has no contribution
from A ion. Y,Ru,0, is reported to be semiconducting [7], where Y** has no f-
electrons. In this study, the structure was determined using neutron diffraction and
magnetic properties were examined. Neutron diffraction data was collected at room

temperature on a time-of-flight (TOF) neutron powder diffractometer, SEPD, at IPNS.
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The refinement results are indicated in Table 7-3. Bond distances and angles are
shown in Table 7-4. Figure 7-8 illustrates the profile fit and difference pattern.
Figure 7-9 shows the temperature dependence of the electrical conductivity and
magnetic susceptibility for Y,Ru,0,. Semiconducting behavior and spin-glass
behavior at 80 K were observed. These results indicated that the origin of the spin-

glass like behavior is the Ru tetrahedra in the ruthenium pyrochlores.

Table 7-3 Structural parameters for Y,Ru,0; in Fd3m at RT
(a=10.14020(15) A, R,,=6.19%, R,=4.11%, S=R,,/R.=1.498) )

Atom Site g x y z B,/ A?
Tl 16d 1.0 12 12 12 0.64

Ru 16¢ 1.0 0.0 0.0 0.0 0.44
o(1) 48f 1.0 0.33543(6)  1/8 1/8 0.65
0(2) 8b 1.0 3/8 3/8 3/8 0.40
Atom U,IlA*? Usy / A2 Uyl A? U, A? Uyl A? Uyl A?
Tl 0.00640(15) =U,, =U, -0.00084(18) =U,, =U,

Ru 0.00437(12) =U,, =U, -0.00001(18) =U,, =U,
O(1) 0.0060(2)  0.0068(17) =Us, 0 0 0.0025(2)
0(2) 0.00402) =U,, =U, 0 0 0

Note. Numbers in parentheses are estimated standard deviations of the last significant digit.
The form of the anisotropic temperature factor is
exp|-27* (26U, + k6™ Uyy + ¢V +2hka’b' Uy, +2hla”c U,y +2kb"c U, )
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Table 7-4 Interatomic distances and bond angles for Y,Ru,0;,

Coordinate triplets: 1 )x, y+1/2, z+1/2; il )x-1/4, y+1/4, -z
ili)-x+1/4, -y+1/4, z; V)-x+1/4, y, -z+1/4; V)-x, -y+3/4, -z+3/4
vi)x, y-1/2, z-1/2; Vii)-x+3/4, y, -z+3/4; Vil)-z, x-1/4, y-1/4

Distances dl A
Y-0(11) (X6) 2.4496(4)
Y-O(2) (X2) 2.19543(2)
Ru-O(1%) (X6) 1.9906(3)
Angles 8"’
RuZ-O(1)-Ru™ 128.45(3)
YV-0)-Y® 94.07(2)
YV-02)- Y1 109.4712
o1 H-Ru-0(1'Y 98.53(2)
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Fig. 7-8 Observed, calculated, and difference plots for the neutron Rietveld analysis for

YzRUQ_O'] at RT.



, 1.0x107

M- Hl/emu-g']

10° F

10*

= C
5 [
S 100 3
Q F
‘_>_‘~. L
= I
Z 10F
5 E
~ C
10! 3

10° k&

0

100 200
T/K

300

0.8

0.6

0.4

0.2

0.0

=2 | : | H

H L . 1 +

0 100 200 300
T/K

Fig. 7-9 Temperature dependence of the electrical conductivity and magnetic susceptibility for

@zcro field cooled

X field cooled

94



References

[1]J. S. Gardner, B. D. Gaulin, S. -H. Lee, C. Broholm, N. P. Raju, and J. E. Greedan,
Phys. Rev. Lett., 83,211 (1999)

[2] N. P. Raju, M. Dion, M. I. P. Gingras, T. E. Mason, and J. E. Greedan, Phys. Rev. B,
59, 14489 (1999)

[3] J. E. Greedan, J. N. Reimers, C. V. Stager, and S. L. Penny, Phys. Rev. B, 43, 5682
(1991)

[4] Y. Yamamoto, R. Kanno, Y. Takeda, O. Yamamoto, Y. Kawamoto, and M. Takano,
J. Solid State Chem., 109, 372 (1994)

[5] H. Kobayashi, R. Kanno, Y. Kawamoto, T. Kamiyama, F. Izumi, and A. W. Sleight,
J. Solid State Chem., 114, 15 (1995)

[6] H. Hirakawa, H. Kadowaki, and K. Ubukoshi, J. Phys. Soc. Jpn., 54, 3526 (1985)
[7] R. Kanno, Y. Takeda, T. Yamamoto, Y. Kawamoto, and O. Yamamoto, J. Solid
State Chem. 102, 106 (1993)

95



Chapter 8

Electrode properties of ruthenium oxides for Solid Oxide Fuel Cell

8-1 Introduction

Solid Oxide Fuel Cells (SOFCs) are of great interest because of the simplicity
of system design and availability of high quality by-product heat. Yttria Stabilized
Zirconia (YSZ) has been used as the oxygen ion electrolyte. YSZ works well at high
temperature (0.1 S-cm” at 1000 °C). Other material (cathode, anode and,
interconnector) have to endure high temperature. Although cerium oxides [1] and
gallium oxides [2] have been studied as the oxygen ion conductor, YSZ is still the best
material because of its stability and high oxygen ion conductivity. . |

There are some basic requirements for cathode material: high electron
conductivity, thermal énd chemical stability, sufficient porosity, good adherence at the
surface of the electrolyte and the catalytic activity for the oxygen decomposition. 3d-
transition metal perovskites LaMO, (M = Cr, Mn, Fe, Co) and their solid solution with
alkaline earth metals in La site La, ,A MO, have been studied [3]. La, Sr,CoO, system
[4] showed the highest catalytic activity and electron conductivity. However, it reacts
with YSZ to form the low-conductivity products. La, Sr,MnO; system [5] has been
also studied extensively due to their stability at high temperatures and thermal
expansion compatibility with YSZ. However, during long annealing times, a
pyrochlore forms at the boundary between perovskite and the YSZ. Therefore, better
electrodes that are less reactive with YSZ and have high stability at high temperatures
are required.

In the present study, ruthenium pyrochlore and perovskite oxides were studied
as the cathode materials for SOFC. The synthesis of their electrode, their catalytic

activity, and physical and chemical properties were investigated.
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8-2 Synthesis of electrode

Pb,Ru,0¢5, Bi,Ru,0,, CaRuO,, and SrRuO, were prepared by heating
appropriate molar ratios of PbO, Bi,0,, CaCO;, SrCO;, and RuO,. They were mixed,
pelleted and calcined at 600°C for pyrochlores and at 950°C for perovskites,
respectively.  After regrinding, they were pressed into pellets again, and fired at 900°C
for pyrochlores and at 1200°C for perovskites, respectively. Pyrochlore and perovskite
thin films were prepared on one side of 8YSZ tablet by the RF-sputtering, and fired at
900 — 1000°C. For Pb,Ru,Oq;, the sample heated at 900°C showed the pattern of a
pyrochlore structure with a small amount of impurity phases, RuO, and an unknown
phase. At 1000°C, Pb,Ru,0O; decomposed and only the RuO, phase appeared. For
Bi,Ru,0,, the X-ray diffraction patterns of the sample heated at 900 — }000°C indicated
the pyrochlore structure and no decomposition was observed. For CaRuO; and
SrRuO,, the perovskite phases appeared after these materials were heated at 1000°C.
The SEM measurements of the electrodes baked on a YSZ disk indicated a porous
surface, and the electrode were about 3 pum thick, which was estimated by the weight

change during the sample preparation.

8-3 Catalytic activity

The cathodic polarization was measured at 700 - 900°C for pyrochlores and
800 - 1000°C for perovskites, respectively. Figure 8-1 shows the cathodic polarization
curves for these electrodes. Table 8-1 summarizes the values of the cathodic
overpotential. The lead pyrochlore shows excellent cathodic properties even at the low
temperature of 800°C, and the overpotentials are comparable to the lanthanum cobalt
perovskite. The bismuth ruthenium pyrochlore showed slightly higher overpotentials
than the lead pyrochlore. Hdwever, both perovskites showed much higher

overpotentials even at 1000°C than the pyrochlores.
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Table 8-1 Cathodic overpotential (1/ mV) of the pyrochlores and perovskits

The values of the overpotential are at a current density of 100 mA-cm™.

Phase 700°C  800°C  900°C 1000°C
Pb,Ru,Oq 5 161 30 11 -
Bi,Ru,0, 250 89 7 -
CaRuO, - 205 105 18
SrRuO; - 191 88 18
La,,S1y;Co0;,, (2) - 4 - -
La, Sty sMnO4,, (2) - 55 - -

8-4 Electrical conductivity

Figure 8-2 shows the temperature dependence of the conductivity for the
pyrochlores and perovskites measured from room temperature to 900°C in air. The
samples show metallic behavior with almost temperature independent conductivity.
The pyrochlores showed higher conductivity than the perovskites, with the highest
conductivity of 6 = 10> — 10" S-cm™ for Pb,Ru,O,,;. No significant changes in the
conductivity curves in the temperature range examined indicated that no reaction or
phase transition occur at high temperature. The conductivity value of the lead and
bisumuth pyrochlores are comparable to those of the perovskites, La, ,Sr,MnO, (10°

S-cm™") and acceptable as cathodes in SOFC.
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Fig.8-2 Temperature dependence of electrical conductivity for Pb.Ru,Oqs, Bi;Ru,0;, CaRuO;
and SrRuQ;.

8-5 Reactivity
The reactivity tests of the pyrochlores and perovskites with 8YSZ were carried
out for 96 h at 900 and 1000°C, respectively. Figure 8-3 shows the X-ray diffraction
patterns of the pyrochlores with 8YSZ after being annealed at 900°C. No significant
changes in the diffraction patterns for the lead pyrochlore were observed and are an
indication of no reaction between the lead pyrochlore and 8YSZ. For bismuth
pyrochlore, synthesis with the stoichiometric ratio of the starting materials leads to the

samples containing an impurity phase (Bi,,Ru,;sO,5;). After the reaction test using
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this sample, the monoclinic zirconia phase appeared. This might be caused by a

reaction between the impurity phase and the yittria in the 8YSZ, and the cubic zirconia

changed to a monoclinic phase. However, reaction using single phase pyrochlore,

Intensity

which was synthesized as Bi,Ru, ,0,, led to no changes in the diffraction patterns.

- T T
PbJRUZO(,_s +8YSZ BizRU207 +8YSZ
¥V monoclinic-ZrO, -
# impurity phase

(Bij;Rup 1504 3)

Intensity

after reaction
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Fig. 8-3 X-ray diffraction patterns of a mixture of the pyrochlore and YSZ (lower), and the
sample annealed at 900°C for 96 h (upper). For Bi,Ru,0,, the sample with the pyrochlore

containing impurity phase (a) and that with the single phase pyrochlore (b) are shown.

101



Intensity

Figure 8-4 shows the X-ray diffraction patterns of a mixture of the perovskite
and the 8YSZ at 1000 °C. For SrRuO,, a small amount of the reaction product was

observed, while no reaction was observed for CaRuO,.

T T T T T
SrRuO; +8YSZ CaRuO;+8YSZ
V StZr0,
=
‘R
=
2
=
after reaction u after reaction
v
e e V|
before reaction before reaction
10 20 30 40 10 20 30 40
287 2087

Fig. 8-4 X-ray diffraction patterns of a mixture of the perovskites and YSZ (lower), and the

sample annealed at 1000°C for 96 h (upper).

8-6 Thermal expansion

Figure 8-5 shows the temperature dependence of the thermal expansion of the
pyrochlores. The thermal expansion of 8YSZ is also indicated with a dashed line.
The expansion of the pyrochlores is almost linear in the temperature range examined.
The coefficient values of 0.99 - 1.00 x 10° K" for the bismuth pyrochlore at 700 -
900°C are almost comparable to those of 1.02 x 10 K' for the 8YSZ. On the other
hand, the lead pyrochlore showed a slightly higher expansion coefficient of 1.10 - 1.21
x 10° K at 700 - 900°C compared to the bismuth pyrochlore.
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Fig. 8-5 The thermal expansion of Pb,Ru,0, s and Bi,Ru,0,. The expansion data of 8YSZ (-- -

- --) is indicated as a comparison.

8-7 Conclusion

The lead and bismuth pyrochlores, Pb,Ru,Oy s and Bi,Ru,0;, showed excellent

cathodic polarization behavior for the SOFC electrode. These systems do not reacted

with 8YSZ at 900°C and the thermal expansions of Pb,Ru,0Oq s and Bi,Ru,0, are almost

comparable to the 8YSZ.
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La, St MnO; and its related oxides have been intensively studied. For
example, Gd; A MnO, (A = Ca, Sr) from the viewpoint of controlling the reaction with
YSZ [6], and La,,SrMnO,; with highly dispersed Pt microcrystal to enhance the
catalytic activity at low temperature [7]. Furthermore, Sr and Ni doped LaCoO, and
LaFeO, have been reported recently [8]. Although the ruthenium pyrochlores are
unstable at high temperature, pyrochlore oxides are reported to form solid solution with
rare earth [9, 10, 11], and the thermal expansion and thermal stability might be varied

with the solid solution formation.
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Chapter 9

Summary

In the present study, the iron-containing perovskites, and ruthenium-containing
pyrochlores were synthesized under high pressure, and their structures and physical
properties were investigated. Furthermore, ruthenium-containing pyrochlores and
perovskites were studied as the cathode materials for SOFC.

In chapter 3, the solid solution Ca, Sr,FeO; which shows charge
disproportionation (CD), 2Fe* — Fe' + Fe’, were studied. Ca, SrFeO, was
synthesized under high oxygen pressure by using brownmillerite perovskite Ca,.
Sr.FeO,,. s Structural studies showed the bend of the FeO, octahedra connection
increased from 160° to 180° with Sr substitution.  These corresponded to
semiconducting to metallic change, and CD behavior. CD was observed by slope
change in electrical resisitivity and magnetic susceptibility measurements.

In chapter 4, the structural change in CD transition was clarified by low
temperature neutron diffraction study. The structure changed from orthorhombic to
monoclinic. The average iron-oxygen distances split into two, longer Fe(1)-O and
shorter Fe(2)-O, which corresponded to the lower and higher oxidation states of iron.

In chapter 5, thallium pyrochlore TLRu,0,s was synthesized under high
pressure, and two categories of electrical properties were found: metallic-
semiconducting transition at 120K (high oxygen pressure synthesis), and metallic-
semiconducting transition at 50K (high pressure synthesis). Neutron diffraction study
clarified the compositions and structures for both samples. While a small amount of
oxygen vacancy (TL,Ru,O¢.) was observed for the sample synthesized under high
pressure, the stoichiometric composition (Tl,Ru,0,;) was found for the sample
synthesized under high oxygen pressure. The metallic to semiconducting property
changes corresponded to structural changes with the increase in Ru-O distance, the
increase in O-Ru-O angle, the decrease in Ru-O-Ru angle, and the decrease in T1-O
distance.

In chapter 6, the structural change in metallic-semiconducting transition at 120

K was clarified by low temperature neutron diffraction study. The structure changed
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from cubic to orthorhombic. The calculated average bond distances and valence bond
sums indicated that thallium plays an important role in metallic-semiconducting
transition.

In chapter 7, the spin-glass like behavior in ruthenium containing pyrochlore
was studied. No structural change was found at the spin-glass transition. The spin-
glas transition is derived from Ru tetrahedra, and the transition temperature decreased
with increasing oxygen vacancy.

In chapter 8, ruthenium-containing pyrochlores and perovskites were studied as
the cathode materials for SOFC. Ruthenium-containing pyrochlores, especially,
Pb,Ru,0, s showed excellent cathodic properties even at the low temperature of 800°C.
Electrical conductivity, thermal expansion and reactivity also showed suitability for

electrode except for stability at high temperatures.
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