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Chapter |

General introduction

Perovskite rclated compounds have many useful applications such as
superconductors, dielectrics and catalysts [1 - 6]. It is well known that their
physical properties are affected by small deviations from stoichiometry.
Since the basic structural component of the perovskite compounds consist
of three-dimensional frames of corner shared MO, octahedra, the variation
of stoichiometry causes large-scale structural rearrangement. The
three-dimensional frames are broken along the two-dimensional planes of
defects, and shifted, to control the whole stoichiometry of the components.
Such a crystallographic shear process results in. a long-range ordered
two-dimensional structure. Typical examples of such cases arec well-known
as Ruddlesden-Popper phases, Sr_,,Ti O,.,,, which involve several kinds of
stacking units of the perovskite layer [7]. Ruddlesden-Popper phases are
expressed by general formula A, B O,,.,, [ =n(ABO,) * AO] forn=1, 2, 3,
and o, The conventional perovskite ABO, is the end member of the series
for n = co. The A,BO, compound for n = 1 of this series is known as a
K,NiF,-type compound. The idecalized structures of Ruddlesden-Popper
phases are shown Fig. 1.1. Since a high temperature superconductor of
(La,Ba),CuO, with K,NiF,-type structurc [8] was discovered in 1986,
numerous experimental and theoretical studies have been performed. Also,
the rclationship between crystal structure and magnetic property in
two-dimensional materials have attracted much attention [9 - 11], because
their electrical and magnetic propertics are governed by the interaction

between transition metal and oxygen. The transition metals and oxygen ions

Sy



‘saseyd saddog-uapsappny JO S2Inionis oy Jo suonejuasaidal pazijespy 11 81

(g=w)0lptgry (z=v)totgtv (1 =u) Yogtv

(2)



in a laycred perovskite compound form quasi-two-dimendional plane.
Therefore, such a layered perovskite compound is a suitable system to study
two-dimensional  physical properties coming from the transition
metal-oxygen plane. On the other hand, the investigation of physical
properties of other cations in the layered perovskite, i.e., A-cations in ABO,
perovskite, is rather fewer than those of B-cations (transition metals),
because A-cations arc located on threc-dimensional position rather than
two-dimensional one in the layered perovskite compound.

In this work, we have paid attention to the layered perovskite
compound with ordered A-cations. New layered pcrovskite compounds with
general formula A,[Ln ,Ti O,,,], wherec A = alkali metal and Ln = rare
earths, have been recently reported [12, 13]. Since these compounds have
two-dimesinal arrays of A-cal.ions, it is of some interest to develop this
study focusing on the two-dimensional physical propertiés of A-cations. We
have studied thc rclationship between the crystal structure and the
two-dimensional physical and chemical properties of the ordered layered
perovskites. In addition, we tried to prepare some novel layered perovskites
with ordered A-cations. This work is composed of six chapters as follows;

In chapter 2, the preparation of a new triple layered perovskite,
Ag,La,Ti,0, by an ion-cxchange reaction of K,La,Ti;O,, with AgNO;
molten salt is described. The effect of the bond character on the ion

conductivity behavior in Ag,La,Ti,0,, is also discussed.

In chapter 3, the effects of the environment around the conductive
ions on the ion conducting behavior in the triple layered perovskite

compound, Na,La,Ti,0,, arc described. The differences of the hydration

behavior are also discussed.
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In chapter 4, the synthesis of the single layered perovskite compounds,
NaLnTiO, (Ln = La, Eu, Gd, Y, and Lu), are described. By using two
parameters of c/a ratio and tolcrance factor t, the change of symmetry of
crystal structurc was cxplained. The lowering of the symmetry is discussed
in terms of the mismatch between TiO, and LnO, layers.

In chapter 5, the preparations of the new single layered perovskites,
AgLnTiO, and LiLnTiO, (Ln = La and Eu), are described. The difference in
the crystal structure between both compounds is discussed in terms of the
ionic radius of the interlayer A-cations.

In chapter 6, the critical dopant concentration for photoluminescence
of NaGdTiO, and Na,Gd,Ti,0,, doped by Eu** is discussed in terms of their
two-dimensional crystal structures. We pointed out that the concentration
quenching found in these compounds can be explained by means of a

percolation model.

The contents of this thesis are composed of the following papers.

1. M. Sato, K. Toda, J. Watanabe and K.Uematsu, Nippon Kagaku Kaishi,

640 (1993)
2. K. Toda, Y. Kamco, M. Ohta and M. Sato, J. Ceram. Soc. Japan, 102,

737 (1994) |
3. K. Toda, Y. Kameo, M. Ohta and M. Sato, J. Alloys Comp., in press
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Chapter 2

Structure Determination and lon Conductivity of a Layered

Perovskite Compounds, M,La,Ti,0,,(M =K and Ag).

2.1 Introduction

Layered perovskite compounds have been investigated extensively in
the literature because thcy exhibit a variety of structural and electric
propcertics. However, ionic conduction, especially cationic conduction, has
been scarcely studied for these type oxides. Recently, ion-exchangeable
layered perovskites made up of NbO, or TiO, octahedra have gained interest,
becausc of not only their cxcellent ion-exchange ability but also their
intercalation reactions [12 - 21] and photocatalytic reactions [22]. The
synthesis of M,La,Ti,O,,(M = Li, Na, K) has been reported for the first time
by Vallino [23]. Recently ion-exchange reactions of M,Ln,Ti,0,,(M = Na, K,
Rb; Ln = rarc carth ions) have been found independently by Gondrand and
Joubert [12] and Gopalakrishnan and Bhat [13]. However, the crystal
structure of M,Ln,Ti,O,, remains unknown although prototype structure
models arc presumed on the basis of lattice constants and on the indexing of
the powdcr X-ray diffraction (XRD) patterns.

In the course of the study for these compounds, we have found that
the potassium ions in the parent compound, K,La,Ti,O,, are readily
exchanged with silver ions in AgNO, molten salt to give a ncw layered

perovskite compound, Ag,La,Ti,O,. It is well known that Ag" ion can be a
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mobile cation in various ionic conductors. Therefore, ionic conductive
behavior for Ag,La,Ti,0,, would be quite interest.

In this chapter, the structure and ionic conductivity of Ag,La,Ti,O,
arc investigatcd and arc compared with those of the niobate compound
AglLaNb,0, [18]. On the basis of the comparison between titanate and
niobate - compounds, we have discussed the mechanism of the ionic

conductive behavior in the layered perovskite compounds.
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2.2 Experimental

K,La,Ti,O,, was prcpared by a conventional solid-state reaction. The
starting materials were K,CO,, La,0, and TiO,. An excess amount of K,CO,
(30mol%) was added to compensate for loss due to the evaporation 6f
potassium component. The reactants were ground, pelletized and then fired
in an open alumina crucible. The mixture was fired for 6h at 550°C, further
heated for another 6h at 1000°C in air. After the reaction, the product was
washed with distilled water and dried for 24h at 100°C. The ion-exchange
reaction was done by adding the ground K,La,Ti,O,, powder to a molten salt
of AgNO, at 250°C for 72h. After the reaction, the precipitate of
Ag,La,Ti,0,, was collected, washed with distilled water again and dried for
24h at 100°C. |

Analysis of the ion-exchange compound for residual alkali metal was
carried out by Electron Probe Micro-Analysis (EPMA). Thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) were carried out
using a Mac Science thermal analyzer system 001 at a heating rate of 5°C
min” in air. Powder XRD patterns were recorded on a Rigaku RAD-rA
diffractometer, using Cu-K a radiation which was monochromatized by a
curved crystal of graphite. The data were collected in a step-scanning mode
in the 2 0 range of 5 - 100" with a step width of 0.02" and a step time of
4s. Indexing of the powder XRD patterns obtained was examined with the
aid of the computer program CELL [24]. Data analysis was carried out by
the Rietveld mcthod, using the RIETAN profile refinement program [25] on
an ACOS2010 computer at Niigata University. An extended pseudo-Voigt

function was chosen to generatc the line shape of the diffraction peaks. A
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modificd Marquardt algorithm was used in nonlinear least-squares
procedures. The reflection peak observed at low 2 0 region in the powder
diffraction pattern was found to deviate greatly from the calculated peak
profile due to an asymmetric cffect of peak shape. Therefore, this reflection
pcak was eliminated from the Rietveld refinement.

The Ag' ion conductivity and electronic conductivity of Ag,La,Ti;0,,
were measured by two-probe alternating current (AC) and direct current
(DC) technique. The AC conduclivity was determined using the complex
impedance diagrams of (he data obtained between 40Hz and 100kHz, using
a HIOKI 3520Hi Tester. Powdcr samples were compressed in a pellet at
400MPa. Silver past was used as the electrode. Agl was uscd as an ionically
blocking electrode for the measurement of DC conductivity. The pure ion
conductivity was determined by mecasuring the voltage between both
opposite faces of a cecll (Pt, Ag | Agl | sample | Ag, Pt) using a

digital-multitester (ADVANTEST TR2114).
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2.3 Results and Discussion

From the powder XRD measurement of K,La,Ti,0,,, this compound
was found to intercalate water molecules in the interlayer space. Figure 2.1
shows the thermogravimetric curve of K,La,Ti,0,, * xH,O fully hydrated by
an atmosphere with 100% humidity at room temperature. The weight losses
from room temperature to 100°C and from 100 to 200°C correspond to the
loss of 0.27mol of absorbed surface water molecules and 1.97mol of
interlayer hydration water molecules, respectively. Therefore, the value of x
can be estimated about 2. On the other hand, the silvcr‘ion-cxchange
compound is not hygroscopic. The EPMA result indicates that both Ag* and
K* in the ion-exchange compound are present in molar ratio of Ag : K =
1.91 : 0.13. The ion-exchange reaction was almost complete.

The synthesis of K,La,Ti,O,, has been reported by Gopalakrishnan
and Bhat [13]). However, the crystal structure of K,La,Ti,O,, remains
unknown although prototype structure models are presumed on the basis of
lattice constants and on the indexing of the powder XRD patterns. In this
study, the crystal structures of three compounds, K,La,Ti,O,,° 2H,0,
K,La,Ti,O,, and Ag,La,Ti,O,,, were determined by the Rietveld analysis.
Since anhydrate K,La,Ti,O,, can casil.y_intcrcalalc water molecules in
ambient air, thc mcasurement of powder XRD was carried out at 200°C,
using a high temperature furnace attachment. All the reflections obtained
for these compounds could be assigned as a tetragonal symmetry. It was
found to be no reflection condition for K,La,Ti,O,, * 2H,0, leading to eight
possible space groups with P-type lattice (P4, P4, P4/m, P422. P4mm, P42m,

P4m2 and P4/mmm). The indexing for K,La,Ti,O, and Ag,La,Ti,O,, was

9
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Fig. 2.1 Thermogravimetric curve of K,La,Ti,0,, * xH,O0 fully hydrated by
an atmosphere with 100% humidity at 25°C
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also examined. The reflcction condition found for both compounds was h +
k + 1 =2n for hkl reflections, giving cight possible space groups with I-type
lattice (14, 14, 14/m, 1422, 14mm, 14m2, 142m and [4/mmm). An initial
structural model for K,La,Ti,O,- 2H,0 was adopted on the basis of

assumption that the main lattice of La,Ti,O,, layer constructs a triple
perovskite layer analogous to CsCa,Nb,O,, which has triple perovskite
layers without displacement of cach layer as reported by Dion et al. [14].
On the other hand, since K,La,Ti,0,, and Ag,La,Ti,0,, have a body centered
Bravais lattice, an initial structural model was constructed by taking
account the displacement of cach perovskite layer along the c-axis. The
Rietveld refinement was carried out for all space groups given by the CELL
results in the first refinement stage. The most reliable solutions with
physically mecaningful crystallographic parameters was finally achieved
when adopting P4/mmm space group for K,La,Ti,O,,* 2H,0 and 14/mmm
space group for K,La,Ti,O,, and Ag,La,Ti,O,, The site occupancy of water
molecule (only oxygen atom was assigned) in K,La,Ti,O, + 2H,0 was also
refined in the final rcfinement stage. The crystallographic data and the
positional parameters arc listed in Table 2.1. A typical result of the pattern
fitting is shown in Fig. 2.2 for K,La,Ti,0,, * 2H,0. The selected interatomic
distances and angles arc listed in Tables 2.2 - 2.4. The crystal structures of
three compounds refined are shown in Figs. 2.3 and 2.4. The structural
features of K,La,Ti,O,, * 2H,0 is substantially the same as that reported by
Gopalakrishnan and Bhat [13]. However, the composition and position of
water molecules are different from their model. Water molecules are
statistically distributed in a 4m (x, 0, 1/2) site with 40% occupancy, giving

1.6mol water molecules for formula unit. Results of TG and the Rietveld
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Table 2.1 Crystallographic data and positional parameters of K,La,Ti,O,, * 2H,0,
K,La,Ti,O, and Ag,La,Ti,O,,
Atom Site® g” x y z B/ nm’

K,La,Ti,O,, - 2H,0 K 2h 1.0 05 0.5 03797(14) 0.025(5)
P4/mmm (No. 123) La 2h 1.0 05 05 0.1285(3) 0.001(1)
a=0.38585(1)nm  Ti(l) 1la 1.0 00 00 0.0 0.001
c=1.6814(1)nm Ti(2) 2g 1.0 00 00 0.2510(7) 0.001
R, =13.69% o(l) 2f 1.0 00 05 00 0.033(17)
R,=10.60% O(2) 2g 1.0 0.0 00 0.1142(24) 0.002(11)
R,=4.84% 0@3) 4i 1.0 0.0 05 0.2271(17) 0.002(8)
Rp=2.42% 04) 2g 1.0 00 00 0.3521(20) 0.004(12)

Ow? 4m 0.40(3)0.252) 0.0 0.5 0.081(59)
K,La,Ti,O,, K 4e 1.0 0.0 00 0.2923(4) 0.018(4)
14/mmm (No. 139) La 4e 1.0 00 0.0 0.4276(1) 0.018(1)
a=1.25436(2)nm  Ti(l) 2a 1.0 00 00 0.0 0.015(4)
c=0.53281(4)nm  Ti(2) 4e 1.0 00 00 0.1413(3) 0.013(3)
R,,=10.19% o(l) 4c 1.0 00 05 00 0.060(15)
R,=7.71% O(2) 4e 1.0 0.0 0.0 0.0643(15) 0.049(11)
R,=2.73% 0@3) 8g 1.0 00 05 0.1295(8) 0.025(7)
Rp=1.46% O4) 4e 1.0 0.0 00 0.1989(11) 0.022(10)
Ag,La,Ti,O,, Ag  4c 1.0 00 00 0.2872(4) 0.017(2)
[4/mmm (No. 139) La 4e 1.0 00 0.0 0.4249(2) 0.001(1)
a=1.25436(2)nm  Ti(l) 2a 1.0 00 00 00 0.001(7)
c=0.53281(4)nm  Ti(2) 4e 1.0 00 00 0.1483(6) 0.002(5)
R,, = 12.64% o(l) 4c 1.0 00 05 00 0.053(28)
R,=9.14% O(2) 4c 1.0 0.0 00 0.0653(23) 0.007(14)
R,=3.73% 0@3) 8g 1.0 00 05 0.1344(12) 0.016(13)
R.=2.76% O@) 4e- 1.0 00 0.0 0.2087(20) 0.00I(15)

a) Multiplicity and Wyckoff notation.

b) Occupancy.

c) Oxygen atom of water molecule.

(12)
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Table 2.2 Bond distances (nm) and angles (° ) of K,La,Ti,O,, * 2H,0

Distance

Angle

K - 0(4)

K -Ow
La-O(l)
La-0(2)
La-0O(3)
Ti(1) - O(1)
Ti(1) - O(2)
Ti(2) - O(2)
Ti(2) - 0(3)
Ti(2) - O(4)
o(1) - o(1)"
0(1) - 0(2)
0(2) - 0O(3)
0(@3) - 0(3)"
0(3) -0
Ow - 04)
Ow - Ow"
Ow - Ow”

0.2767(4)x4
0.281(22)x4
0.2897(4)x4
0.2739(3)x4
0.2542(18)x4
0.1929(1)x4
0.1920(41)x2
0.2300(42)
0.1970(5)x4
0.1701(35)
0.2728(1)x4
0.2722(29)x4
0.2706(33)x4
0.2728(1)x4
0.2854(32)x4
0.2673(68)
0.196(34)
0.139(24)

0(2)-Ti(2)-0(3)  78.2(7)x4

Symmelry code

None X, Y, z
i) -y, X, Zz
“) =X, -y, z

Table 2.3 Bond distances (nm) and angles (° ) of K,La,Ti,O,,.

Distance

Angle

K - O(4)

K - O4)?

K - 0(3)°
La-0O(1)"
La-0(2)"
La-O@3)
Ti(1) - O(1)
Ti(1) - 0(2)
Ti2) - 0Q2)
Ti(2) - 0(3)
Ti(2) - O(4)
o(1) - O(1)®
o(1) - 0(2)
0(2) - 0(3)
0(@3) - 0(3)"
0@3) - 0(4)

0.2787(36)
0.2753(3)x4
0.3030(21)x4
0.2901(4)x4
0.2751(4)x4
0.2580(17)x4
0.1938(1)x4
0.1918(47)x2
0.2296(48)
0.1970(4)x4
0.1719(34)
0.2741(1)x4
0.2727(33)x4
0.2745(36)x4
0.2741(1)x4
0.2836(30)x4

79.7(7)x4
95.3(7)x4

0(2) - Ti(2) - O(3)
0(4) - K - O(4)"

Symmetry code

None X, Y, Z
i) 1/2-x, 1/2-y, 1/2-z
i) Y, X, Z

(14)



Fig. 2.3 Crystal structure of K,La,Ti,O,, * 2H,0. The octahedra are TiO,
units. The shaded circle within the layer are La atoms. The filled and open
circles represent potassium atoms and oxygen atoms of water molecules,

respectively.
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Fig. 2.4 Crystal structurc of K,La,Ti,0,, and Ag,La,Ti,0,.
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Table 2.4 Bond distances (nm) and angles (° ) of Ag,La,Ti,O,,,.

Distance

Angle

Ag-0(4)
Ag - 0(4)"
Ag-0(3)"
La-O(l )i’
La-O(2)"
La- O(3)“
Ti(1) - O(1)
Ti(1) - O(2)
Ti(2) - O(2)
Ti(2) - O(3)
Ti(2) - O4)
o(1) - O(1)”
O(1) - 0(2)
0@2)-0(3)
0@3) - 03)"
0(3) - O4)

0.2268(57)
0.2707(2)x4
0.2962(30)x4
0.2891(5)x4
0.2719(7)x4
0.2568(26)x4
0.1912(1)x4
0.1886(67)x2
0.2397(67)
0.1954(8)x4
0.1744(62)
0.2704(1)x4
0.2686(47)x4
0.2764(55)x4
0.2704(1)x4
0.2874(47)x4

78.1(11)x4
92.4(13)x4

0(2) - Ti(2) - O3)
0(4) - Ag - O(4)”

Symmetry code

None X, Y Z
i) 1/2-x, 1/2-y, 1/2-z

i) 2y, X, 2z

amn



refinement can be taken to be consistent with above results. Gopalakrishnan
and Bhat claimed that water molecules are located in a 1b (0, 0, 1/2) site
with Imol for formula unit. The Rietveld analysis on basis of their modcl
gave no reasonable solution with physically meaningful structural
parameters. However, the values of isotropic thermal parameters are highly
scattered in our model. In particular, the value for Ow (oxygen atom of
water molecules) is considerably large, and some of values for other sites
must be fixed to a positive value because they converge to negative values
without fixing. This may be due to compositional and ﬁositional disorders
of water molecules. It is difficult to obtain accurate information of water
molecules (oxygen atom) from powder XRD pattern analysis. Another
approach, for example, neutron diffraction pattern analysis, is necessary to
give a precise structural description of the water molecules. The structures
of anhydrous K,La,Ti,O,, and Ag,La,Ti,O,, were well analogous to that of
the Ruddlesden-Popper phase with the tetragonal crystal system. The
adjacent triple perovskite sheets, La,Ti,O,,, arc stacked with a displacement
by 1/2 along the (110) dircction. Contrary to the niobium compounds,
anhydrous K,La,Ti,O,, and Ag,La,Ti,O,, have almost the same crystal
structure. In niobate oxides with a layered perovskite structure, the relative
arrangemcnt of the adjacent perovskite sheets is dependent of its ionic size
existing in the interlayer. KLaNb,O, [21] forms a base-centered lattice
wherein potassium ions have trigonal prismatic coordination, while
AgLaNb,0, [18] takes a body-centercd lattice wherein silver ions have
tetrahedral coordinations.

Figure 2.5 shows the environment of titanium atoms in Ag,La,Ti;0,,.

The Ti:O6 octahedron located on the inside of the perovskite layers is close

(18)
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to an ideal octahedron, while those located on the outside of the layer are
fairly distorted. The Ti - O bonds of the latter octahedra in these
compounds are classified into three types, i.e., a very shortened bond
(Ti(2) - O(4)) toward the intcrlayer space, four normal bonds (Ti(2) - O(3))
linked with an equatorial oxygen atom an‘d a long bond (Ti(2) - O(2))
toward the inside of the layer. These bond characters are similar to those of
KLaNb,0, [21] and AgLaNb,O, [18]. Figure 2.6 shows the environment
around Ag ion located between the two perovskite layers. The potassium
and silver ions in these compounds occupy nine-fold sites with a distorted
rock-salt-type coordination between the two perovskite layers. Although the
anhydrous K,La,Ti,O,, and Ag,La,Ti,O,, had almost the same crystal
structure, a drastic difference in the bond character of M-O (M = K, Ag)
was obscrved between the two compounds. The Ag - O bonds of this
coordination are classified into two types, i.e., shorlenéd bonds (0.2268nm)
toward the c-axis direction, four long bonds (0.2707nm) toward inside of
the layer. The shortened bond is smaller than the sum of Shannon's ionic
radius [26]. This bond distance is similar to those observed for silver atoms
have a covalent bond character in oxide [27, 28]. Therefore, it seems that
there is relatively strong covalent character for the Ag - O bond along th.e
direction of c axis. While, two K - O bond distances (0.2787, 0.2753nm) are
comparable with the sum of Shannon's ionic radius (0.273nm), indicating
completely ionic character. Such a covalent bond character in Ag,La,Ti,O,,
was reflected to the conductivity behavior shown latter.

A typical impedance plot for Ag,La,Ti,O,, at 106°C are shown in Fig.
2.7. In all cases, the impedance plot are semicircles, indicating almogt

absence of electrode surface effects. Accordingly, the bulk conductivity is

(20)
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determined from the low frequency intercept of the semicircle. Figure 2.8
shows the tcmperature dependence of AC and DC conductivity for
Ag,La,Ti,O,,. AC conductivity is in almost agreement with DC conductivity
below 200°C . It is shown that almost pure ion conduction of silver was
observed at this temperature range. AC conductivity is higher than DC
conductivity above 200°C . Mixed conduction was observed over this
temperature with the silver ion transport number t, = 0.54 at 300C and t,,
= 0.51 at 400°C . It is apparent that the this mixed conduction is due to
relatively strong covalent character for the Ag - O bond along the direction
of ¢ axis as mentioned above. In addition, the activation energy of DC
conductivity above 200°C decreases with increasing temperature. The
calculated activation energics above and below 200°C were 42.8kJmol™ and
55.6kJmol”, respectively. This phenomenon may be attributed to the change
of band structurc becausc DTA shows no structural phasc transition with
rearrangement of atoms at this temperature. The value of ionic conductivity
for Ag,La,Ti,0,, arc rather smaller than those for so-called fast ion
conductors [29, 30]. Howevecr, pure ion conduction found for'AgzLa,Ti,O,o
in low temperature region is extremely rare in the normal oxide because of
silver atoms tend to have a covalent bond character in oxides. It is
intcresting to comparc the ionic conductivity of Ag,La,Ti,O,, with that of
niobate compound [18]. The silver ions of Ag,La,Ti,O,, are situated in‘a
rigid rock-salt-type coordination with 100% occupancy. On the other hand,
silver ions in AgLaNb,0, arc located in a tetrahedral coordination with 50%
occupancy. Consequently, the value of ionic conductivity of Ag,La,Ti,O, is
approximately 10 times less than that of niobatc compound, AgLaNb,0,[18].

However, structural phase transition in AgLaNb,0, at about 300°C leads to
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Fig. 2.8 Tempcrature dependence of conductivity for Ag,La,Ti,0,,.
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an abrupt dccrease in the conductivity. In Ag,La,Ti,0,,, such a decrease of

conductivity do not observed because structural phase transition is absent.

(25)



2.4 Summary

A layered perovskite compound, Ag,La,Ti,0,,, was newly synthesized
by an ion exchange reaction of K,La,Ti,0,, with a AgNO, molten salt. The
crystal structurcs of the parent compound K,La,Ti,O,,* xH,0 and the
ion-exchanged compound Ag,La,Ti,O,, were determined by Rietveld
analysis. All the structurcs were analogous to that of Ruddlesden-Popper
phase with a tetragonal crystal system. Although the anhydrous K,La,Ti,O,
and Ag,La,Ti;O,, compound have almost the same crystal structure, a
drastic difference in the bond character of M-O (M = K, Ag) was observed
between the two compounds, i.e., completely ionic character for the K-O
bond and relatively strong covalent character for the Ag-O bond along the
direction of the ¢ axis. Such a covalent bond character in Ag,La,Ti,O,, was
reflected to the conductivity behavior. An almost pure ion conduction of
silver was observed at the temperatures below 200°C, while the mixed
conduction with silver ion transport number of 0.5 was observed over this

temperature.
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Chapter 3
Crystal Structure and lonic Conductivity of a Layered Perovskites,

Na,La,Ti,0,,.

3.1 Introduction

Recently, a great interest has developed in ion-exchangeable layered
perovskites madec up of NbO, or TiO, octahedra, not only because of
excellent ability of ion-exchange reaction but also their intercalation
reactions [12 - 21] and photocatalytic reactions [22]. Sodium compound,
Na,La,Ti,0,, is one of the member of Ruddlesden-Popper type
ion-exchangeable laycred perovskite. This compound can be directly
obtained by a convcntional solid statc reaction. Thercfore, we expected that
Na,La,Ti,O,, have applicability as a solid electrodes. However, the crystal
structure of Na,La,Ti,O,, remains unknown although prototype structure
modecls arc presumecd on the basis of lattice constants and on the indexing of
the powder XRD patterns. Though many of the ion-exchangeable
compounds containing sodium ions, for example, Na- f -alumina, exhibit
high ionic'conductivity, there are few studies on ionic conductivity of
interlayer ions for layered perovskites consisting of TiO octahedra.

In chapter 2, we have clarified the silver ionic conductive properties
of a silver-exchanged compound Ag,La,Ti,O, which crystallizes into a
Ruddlesden-Popper structurc and exhibits a relatively strong covalent
character for the Ag-O bond along the direction perpendicular to the

perovskite layer [17]. It shows mixed conduction with silver ions and

2n



electrons above 200°C. On the other hand, the main structure of AgLaNb,0,
which shows almost pure ionic conduction is also analogous to that of the
Ruddlesden-Popper phase but the environment around the interlayer ions in
this compound is somewhat different, i.e., silver ions are located on the
nearly tetrahedral site with 50% occupancy in the interlayer [18]. These
structural differcnces between titanates and niobates are thought to be
reflected by their conductive behaviors. This is because the TiO, and NbO,
octahedra exhibit the different interactions between the perovskite sheets
and the interlayer ions due to the different oxidation states of their central
cations [19]. It is expected that Na,La,Ti,O, also shows pure ionic
conduction. Therefore, we can give a clear discussion for the mechanism of
ionic conductive behavior in the layered perovskite compounds.

In this chapter, the structure and ionic conductivity of Na,La,Ti,O,,
are investigated and comparcd with those of niobate compounds [20] such
as NaLaNb,0, and NaCa,NaNb,O,,, since these two compounds in which
interlayer ion environment is different from that of the Ruddiesden-Popper
phase also show purc ionic conduction. On the basis of the comparison
betwcen titanate and niobate compounds, we have discussed the mechanism

of ionic conductive behavior in layered perovskite compounds.
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3.2 Experimental

Na,La,Ti,O,, was prepared by a solid-state reaction. The starting
materials wcre Na,CO,, La,O, and TiO,. An excess amount of Na,CO,
(30mol%) was added to compensate for loss due to the evaporation of
sodium component. The rcactants were ground, pelletized and then fired in
an open alumina crucible. The following three stages for the calcination
were adopted in order to obtain a single phase. The mixture was fired for
12h at 550°C in air, subsequently heated for another 6h at 1000 - 1100 °C in
0, flow, and finally coolcd slowly (<3°Cmin™') to room temperature. After
the reaction, the product was washed with distilled water and dried for 24h
at 100°C.

Thermogravimetric analysis (TGA) and differential vthcrmal analysis
(DTA) werc carried out using a Mac Science thermal analyzer system 001 at
a heating ratc of 5°Cmin” in air. Thin specimens for electron microscopic
analysis werc obtained by crushing and mounting the crystal fragments on a
Cu grid. Electron microscopic analysis was carried out with an ABT
(Topcon) EMO002B clcctron microscope operating at 200kV. Chemical
analysis was carried out by thc EDX method using an electron microscope
fitted with an EDX analyzer. Powder XRD patterns were recorded on a
Rigaku RAD-rA diffractomcter, using Cu-K a radiation which was
monochromatized by a curved crystal of graphite. The data were collectéd
in a step-scanning mode in the 2 0 range of 5 - 100" with a step width of
0.02° and a stcp time of 4s. Data analysis was carried out by the Rietveld
method, using the RIETAN profile refinement program [25] on an

ACOS2010 computer at Niigata University. lonic conductivity of

(29)



Na,La,Ti,O,, was mcasurcd on a pressed pellet by a complex impedance
technique between 40Hz and 100kHz using a HIOKI 3520 Hi Tester in the

temperature range of 300 - 800°C.
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3.3 Results and Discussion

In order to obtain a monophasic Na,La,Ti,0,, compound, we first
used the same mcthod as that reported by Gondrand and Joubert [12].
However, the monophasic compound could not be obtained by their
prcparation conditions. The impurity phases of La,,TiO,, [31] and
NalLaTiO, [32] wecre always observed in the reaction product. After some
trial and error, the preparation conditions consisting of the three steps as
mentioned in the experimental section are found to be the best for the
preparation of a single-phase product. In the absence of the first step, the
end product is a defective perovskite, La,,TiO, . The defective perovskite is
considered to be morc thermodynamically stable than the layered perovskite,
Na,La,Ti,0,, around this temperature range. It was found that the presence
of the intermediate product, La,0,CO,, is necessary to prevent the
formation of La,,TiO,  in the reaction. The reaction temperature for the
first step should not bc permitted to exceed 600°C because the defective
perovskite is preferentially formed over this temperature. It is necessary to
keep the rcaction temperature for the second step within the range from
1000 to 1100°C, since the impurity phase, NaLaTiO,, is produced rather
than Na,La,Ti,O,, below this temperature range.

Thermogravimetric analysis indicated that szizLazTi,O|0 does not take
any hydrous form cven (hough the compound was washed with distilled
water. This result is in contrast to that of the corresponding potassium
compound, K,La,Ti,0,,[13, 17], which contains 1.7 water molccules in the
interlayer. Contrary to the titanate compounds, NaLaNb,0, has 1.6 water

molecules in the interlayer and KLaNb,0O, does not take any hydrous form
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[19, 21]. KLaNb,0, forms a face-centcred lattice wherein potassium ions
have trigonal prismatic coordination, while NalLaNb,O, takes a
body-centercd lattice whercin sodium ions have almost regular tetrahedral
coordinations. Therefore, the differences of the hydration behavior are due
to the differcnces of intcrlayer space and not nature of interlayer cation.
Since the crystal structure of Na,La,Ti,O,, and K,La,Ti,O,, are exactly the
same as shown later, the hfdration behavior of these compounds can be
understood on the basis of the Coulomb interaction between the interlayer
ions and perovskite layer. The Coulomb attractive interaction is much
stronger for thc sodium compound than for the of potassium compound
because of the smaller ionic radius of Na* ions. Therefore, in the sodium
compound, the energetic gains obtained by hydration of Na* ions do not
exceed the energy required to expand the interlayer space.

Figure 3.1 shows a selected electron diffraction pattern of
Na,La,Ti,0,,. The indexing ..for each spot could be successfully
accomplished in the light of analogy with the crystal structure of Sr,Ti,0,,
[33], one of the members of Ruddiesden-Popper phases with a tetragonal
system. It was found that the incident electron beam runs along the [Tl 1]
direction and that the spots were indexcd as shown in Fig. 3.1. Approximate
cell parameters cstimated from the diffraction pattern are a = 0.38nm and c
= 2.8nm, and the reflection condition is h + k + 1 = 2n for (hkl) reflections.
It is obvious that the doubling of the a-axis as reported by Gondrand and
Joubert [12] is not observed in our result. There are two possible
explanations for this disagreement. As mentioned above, the synthesis of
the single-phase Na,La,Ti,0,,is achieved only under the severely controlled

preparation conditions particularly in the case of heating temperatures.
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Fig. 3.1 Electron diffraction pattern of Na,La,Ti,0,,.
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Therefore, we suppose that some impurities may be present in their sample.
In addition, the cooling rate after the high-temperature reaction may lead to
some distortions of the crystal structure. Since there are no data of electron
diffraction patterns and cooling rate in their paper, we do not discuss this in
detail here. Figure 3.2 shows the electron micrograph of Na,La,Ti,O,, with
[Tll] incidence corresponding to the same zone as that of the electron
diffraction pattern in Fig. 3.1. Two kinds of streaks which intersec‘t each
other with an angle nearly equal to 90" can be seen. One has a d-spacing of
0.28nm corresponding to that of the [110] direction, and the other a
d-spacing of 0.38nm corresponding to that of the [101] direction. These
distances coincide well with those for the edge and diagonal of a TiOg
octahedron found in some titanates.

Indexing of the powder XRD patterns obtained was examined with
the aid of the computer program CELL [24] on the basis of tetragonal
symmetry. The possible space groups were chosen from the results. The
reflection condition found was h + k + 1 = 2n for hkl reflections, which was
consistent with the result for the electron diffraction. This condition led to
eight possible space groups, 14, 14, 14/m, 1422, I4mm, 14m2, 142m and
[4/mmm.

The Rietveld refinement was carried out for all of the space groups in
the early refinement stages. Finally, the I4/mmm space group gives the most
satisfactory fitting to the powder XRD pattern. The final reliability factors
achieved were R, = 12.87%, R, = 9.86%, R, = 3.83%, R, = 2.14%. The
results of the pattern fitting are shown in Fig. 3.3 and the crystallographic

data are listed in Table 3.1. The positional parameters and the selected
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Fig. 3.2 Lattice image of [111] projection of Na,La,Ti,0,,.
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intcratomic distanccs and angles are listed in Table 3.2 and Table 3.3,
respectively.

The valucs of isotropic thermal parameters are highly scattered. In
particular, the value for O(1) is considerably large, and some of values for
other sites must be fixed to a positive value because of their conversion to
negative values without fixing. This may be due to an insufficient
correction for the preferred orientation because the prepared sample
exhibits an extremely large cleavage perpendicular to the c-axis. Another
origin for the scattered isotropic thermal parameters is possible, i.e., the
existence of intergrowth. There have been many studies on the intergrowth
of titanate compounds [3, 34, 35]. However, this phenomenon is very
troublesome and has not yct been clarificd theoretically. The information of
short-range disorder of the crystal structure cannot be obtained by powder
XRD pattern analysis. Another approach, for example, high-resolution
electron microscopic study, is nccessary to determine intergrowth occurs in
this material.

The crystal structure of Na,La,Ti,O,, is illustrated in Fig. 3.4. The
structure is composed of a perovskite unit with three layers and a rock-salt-
type unit (NaO) stacked alternatcly along the c-axis. The adjacent triple
perovskite sheets, La,Ti,O,,, are stacked with a displacement by 1/2 aloﬁg
the (110) direction. A sodium ion in this compound occupies the nine-fold
sites between the two pcrovskite layers. A lanthanum ion occupies the
twelve fold sites in the center of the perovskite lattice. The feature of the
crystal structure in this compound is the same as those of proton, potassium
and silver compounds [13, 17]. The relative arrangement of the adjacent

perovskite sheets is independent of its ionic size while cxisting in the
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interlayer. This stacking fcature is in contrast to that of niobate compounds
[21]. In niobate oxides with a layered perovskite structure, only one sodium
ion can be accommodated in the interlayer space per NbO, octahedron
located toward the space. No matter how many perovskite layers are
constructed, such NalLaNb,0,, NaCa,Nb,0,,, and NaCa,NaNb,0,,, this is
always truc duc to the high positive charge of the central ion of the NbO,
octahcdron. This situation can Icad to a lower charge density state for the
interlayer space. As the result, the Coulomb interaction between the
perovskite layer and thc interlayer ion is relatively weak, reflecting a
variety of stacking fcaturcs of the adjacent perovskite layer blocks owing to
the ionic size of the interlayer ions. On the other hand, in titanate oxides,
the lower cha. ge of the central ion of the TiO, octahedron is compensated
by two interlayer monovalent ions per TiO, octahedron located toward the
interlayer, i.e., a high positive charge density state is rcalized in the
interlayer space. This is consistent with the fact that Na,La,Ti,0,, crystal is
stable upon the irradiation of a high-energy clectron beam in the electron
microscopy studies.

Figurc 3.5 shows thc cnvironment of titanium atoms in Na,La,Ti,O,.
A large distortion of the TiO, octahedra exists in the structure. The TiO,
octahcdron located inside of the perovskite layers is close to an ideal
octahedron, while those located outside of the layer are fairly distorted. The
oxygen with a fairly shortened distance of Ti-O is located toward sodium
ions between the triple perovskite layers. These bond characters are similar
to those of NaLaNb,0, [19]. The distortion of metal-oxygen octahedra in the
perovskite layer is a quite common feature observed in layered perovskites

which exhibit an ion-exchange property [17, 19]. Such shortness of the
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Ti-O distance seems to cause less interaction between the sodium and the
crystal lattice of the sheets. Therefore, it is possible in this situation to
cxchange the ions in the interlayer with other alkali ions and protons as
reported previously [12, 13, 17].

Figure 3.6 shows the ionic conductivity of Na,La,Ti,O,, as a function
of temperaturc. A sharp drop of ionic conductivity was observed at around
575°C. Since the X-ray powder pattern above this temperature showed the
formation of the defective perovskite, La,,TiO,,, in this sample, this
change is duc to the decomposition of Na,La,Ti,O,,. It is interesting to
compare the ionic conductivity of Na,La,Ti,O,, with those of niobate
compounds. The value of ionic conductivity of Na,La,Ti,O,, is
approximately 10 times less than those of niobate compounds, NaLaNb,O,
and NaCa,NaNb,O,, [20]. These rcsults are analogous to those obtained
using the silver-exchange compounds [17]. Such difference in the ionic
conductivity between the titanate and the niobate compounds is due to the
difference in the charge density of the interlayer contributed by the central
ions (Ti** and Nb**) of the TiO, and NbO, octahedra. The common features
among sodium and silver compounds are due to the similarity of their
crystal structure. The high charge density in the interlayer of titanate
compounds Icads to strong clectrostatic interaction between the perovskite
layer. The environment of the sodium atoms in Na,La,Ti,O,, is illustrated
in Fig. 3.7. Here, sodium ions are situated in a rigid rock-salt-type
coolrdinalion with 100% occupancy. On the other hand, sodium ions in
NaLaNb,O, and NaCa,NaNb,O,, are located in a tetrahedral coordination
with 50% occupancy. Therefore, the ionic motion in Na,La,Ti,O,, is more

tightly restricted than those of NaLaNb,0, and NaCa,NaNb,0,,. The

(44)



T ' r ' ] ' l T T

-3+ /A NajLajTi3Oqg(up) -

M NajLa;Ti3Og(down)

3 O NaLaNb;,0O5 7

-4} [J NaCayNaNbgO13 _

'8 ) 5 = _

< AW i

S -6t -
on

2 — -

-7k -

- 8f _

1 : | : ! \ | ' L]

0.5 1 1.5 2 2.5

1000/T/K

Fig. 3.6 Temperaturc dependence of ionic conductivity of Na,La,Ti O,
NaLaNb,0, and NaCa,NaNb,0,,. (A ) represents data for temperature

incrcasing direction and (@) for tcmperature decreasing direction.

(45)



Vot %7l eN Ul SWOIE WNIpPOS punole JusWuUOoNIAUg £ ¢ 514

uuece o

wWupg e

EN

wu/ze 0

(46)



diffcrences of coordination around sodium ion reflect the diffecrences of
ionic conduclivity bctwecn (he titanate and niobate compounds. These

results indicate that the ion conducting behavior in the layered perovskite

compounds is mainly dcpendent upon the environment around, the

conductive ions in the interlaycr [20].
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3.4 Summary

An ion-exchangcablc layercd perovskite compound, Na,La,Ti,O,,
was dircctly synthesized by a solid-state reaction. The crystal structure of
Na,La,Ti,O,, was dctcrmincd by clectron diffraction analysis and Rietveld
analysis for thc powder XRD pattern. The unit cell is tetragonal with a =
0.383528(7)nm, ¢ = 2.85737(7)nm and Z = 2 with the space group [4/mmm
(No. 139). The structure of this compound is analogous' to that of the
Ruddlesden-Popper phascs. The ionic conductivity of Na,La,Ti,O,, was not
very high comparcd with thosc of niobate compounds, NaLaNb,O, and
NaCa,NaNb,O,,. Such a low ionic conductivity is due (o the rigid

rock-salt-type coordination around sodium ions located at the interlayer.
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Chapter 4
Crystal Structure Determination of Layered Perovskites Compounds,

NaLnTiO, (Ln = La, Eu, Gd, Y, and Lu)

4.1 Introduction

The layered perovskite compounds, NaLnTiO, (Ln = lanthanide), was
first preparcd by Blasse [32]. Its X-ray powder diffraction pattern was
successfully indexcd as a tetragonal unit cell. It has been estimated on the
basis of indexing of XRD patlern that the interlayer cations in NaLnTiO,
arc ordecred between the two available interlayer sites. However, therc has
been no dircct cvidence that such ordering really exist.

In this chapter, we present the synthetic conditions required for the
formation of NaLnTiO, and discuss the proposed structure of thesc
compounds including an analysis of the relative sizes of the rarc earth ions
and the alkali mctal cations required for the stabilization of the structure.
This compound is of intcrest becausc it is the only AA'BO, compound that

contains ordering A-sitc cations.
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4.2 Experimental

NaLnTiO, was prcpared by conventional solid-state reaction. The
starting matcrials were mixture of Na,CO,, Ln,0,, TiO, powder. An excess
amount of Na,CO, (30mol%) was added to compensate [or the loss due lo
the evaporation of sodium componcnt. Sodium carbonatc can also be acted
as oxidizing flux [36]. Thc rcactants were ground, pelictized and then fired
in an opcn .alumina crucible. The mixture was fired at 900-1000°C for Ln =
La - Gd and at 1050°C for Ln = Y and Lu in air. The samples were heated

for 30 min at above (cmperatures.

Powder XRD pattcrns were recorded on a Rigaku RAD-rA
diffractometer, using Cu-K _ radiation which was monochromatized by a
curved crystal of graphite. The data were collccted by a step-scanning mode
in the 2 0 range of 5 - 100" with a step width 0.02° and a step time 4s.
Indexing of the powder XRD patterns obtained was examined with the aid
of the computer program CELL [24]. Structural refinements were performed

with a Rictveld program RIETAN [25] on an ACOS2010 computer at

Niigata University.
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4.3 Results and Discussion

The preparation of NaLnTiO, has been described previously by
Blasse [32] and Linares and Blanchard [37]. First the NaLnTiO, was
prepared by thc mcthod similar to synthetic conditions of them. The
resulling products werc not single-phase but a mixture of NaLnTiO, and
Na,Ln,Ti;O,,. The synthetic conditions of NaLnTiO, were investigated in
detail to obtain single phase materials. In the search for appropriate
synthetic conditions, we found that Na,Ln,Ti,O,, is preferentially formed in
high reaction tempcratures. To prepare single phase NaLnTiO,, the reaction
conditions had to be modified slightly. A low reaction temperature was
necessary to obtain thc single-phase. The reaction temperatures was
decreased to 900 - 1000°C for Ln = La - Gd and 1050°C for Ln = Y. It is
neccssary (o keep the reaction temperature within the range from 900 to
1000°C for Ln = La - Gd and 1050°C for Ln = Y, since the intermediate
compound is rcmained below this temperature range. The diffraction pattern
of the intermediate compound can be indexed using an orthorhombic cell
with latticc parameters related to those of a pscudo-cubic perovskite by
23 X 2'"a X 2a, where a_ is the lattice parameter of the pseudocubic
structurc. The thermal stability of the intermediate compound is very
sensitive to the size of rare carth ions. The decomposition temperature of
intermediate compound increasc with the replacement of a larger rare carth
with a smallcr onc. For cxample, the intcrmediatc compounds of Ln = Eu
were decomposcd by hecating at about 850°C, whereas those of Ln = Y were
decomposed at about 1050°C. Therefore, the single phase compound of Ln =

Lu could not be obtained by the above preparation conditions becausc of the
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high decomposition temperature of the intermediate compound. An
cxtended heat treatment at a low reaction temperature (e.g. 900°C ) was
unfavorable. The product showed an asymmetric broadening toward the
lower side diffraction angle of the XRD pattern. It seems that the
broadening is caused by a structural disorder of interlayer cations. As
mentioned above, the single-phase sample of NaLnTiO, was obtained for
the quite limited preparation conditions.

In the earlier study [37], the space group of NaLnTiO, (Ln = rare
earths) was reported to be PAmm with a tetragonal symmetry, although the
refinement of the crystal structure was unsuccessful. Linares and Blanchard
[38] pointed out that the symmetry of the rare earth site in the NaLnTiO,
(except for Ln = La) is lower than C,, because the number of lines observed
in the emission spectra of NaLnTiO,:Eu is much more than those expected
usually from the symmetry C,,. Therefore, we reexamined the indexing of
the XRD patterns of NaLnTiO, by means of the CELL program. For Ln = La,
the XRD pattern exhibits the simple diffraction pattern without superlattice
reflection. The pattern of NaLaTiO, indicates that hkO reflections with h +
k = 2n + | are systematically absent. All the peaks in the XRD pattern of
NaLaTiO, can be indexed by a tetragonal cell with P4/nmm space group. On
the other hand, the XRD patterns for Ln = Eu - Lu are readily
distinguishable from the tetragonal phase. The XRD patterns showed weak
extra reflections which could not be explained in accordance to the
tetragonal cell with Pdmm or P4/nmm space group. Thesc results clearly
indicate that NaLnTiO, (Ln = Eu - Lu) have a lower symmetry than
tetragonal one. The reflection conditions found are k = 2n for Okl and 0k0

reflections and | = 2n for hOl and 00! reflections on the basis of an
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orthorhombic symmetry. These conditions lead to Pbcm and Pbc2, space
groups. In this study, we adopted Pbecm space group with higher symmetry
than Pbc2,, bcca‘usc some of the standard deviations for structural
paramclers became fairly large (sometimes the order of about 10°?) in the
case of Pbc2, space group for the Rietveld refinement. This space group
explains the weak reflections in the XRD patterns. As an example, the
results of the pattern fitting for NaLaTiO, and NaEuTiO, are shown in Figs.
4.1 and 4.2. The structural models for NaLaTiO, and NaEuTiO, are
iltustrated in Fig. 4.3 and 4.4. The crystallographic data finally obtained
from the Rietveld refinement are listed in Tables 4.1. The atomic
coordinates are very precise, but the atomic temperature factors B arc less
so. We note that the Bragg pcaks with strong | character were fit relatively
poorly compared with other pecaks. Such discrepancies could result from the
occurrence of some stacking faults and a structural disorder in this layered
structure due to a long periodicity of the stacking direction of perovskite
slab.

It is inleresting to examine (he variation of the lattice parameters and
c/a ratios in NaLnTiO, type compounds with the size of the rarc earth ion.
The c/a ratio is a useful parameter in determining the structure type of
K,NiF, phasc. The variations of laltice parameter ¢ and c/a ralio are
illustrated in Fig. 4.5. The variation of lattice paramcter a with the size of
the rare earth ions is smaller than that of c/a ratio. Substitution of La** by
the smaller rare carth ions lcads to a decrease in lattice parameter ¢ and c/a
ratio. If the BO, octahedra were regular and all the A-O distances wetre
identical in the A,BO, compound, the thcoretical valuc of c/a ratio is 3.41.

In general, c/a ratio of K,NiF-type compound is usually found to be 3.30 +
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Fig. 4.3 Structural model of NaLaTiO,.
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Fig. 4.4 Structural model of NaEuTiO,.
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Table 4.1 Crystallographic data for NaLnTiO, (Ln = La, Eu, Gd, and Y).

Sample Atom Site® x y z B /nm?
NaLaTiO, Na 2c 0.0 0.5 0.585(1) 0.015(4)
P4/nmm (No. 129) La 2c 0.0 0.5 0.8890(2) 0.001
a=0.377404(5)nm Ti(l) 2c 0.0 0.5 0.2755(6) 0.001
c=1301463)nm O(l) 2c 0.0 0.0 0.243(1) 0.003(4)
R,,=11.01% 0(2) 2c 0.0 0.5 0.072(2) 0.002(6)
R, = 2.58% 03) 4d 0.0 0.5 0.406(2) 0.006(6)
NaEuTiO, Na 4d  0.5876(9) 0.0118(35) 025 0.010(3)
Pbcm (No. 57) Eu 4d 0.8925(2) 0.0185(5) 0.25 0.002(1)
a=1.25436(2)nm Ti(l) 4d 0.2664(4) 0.0069(18) 0.25 0.005
b=0.53285(4)nm  O(l) 4c  0.2190(19)  0.25 0.0 0.015(8)
c=0.53281(4)nm 0(2) 4c 0.7547(18) 0.25 0.0 0.003(6)
R,, = 10.80% 0(3) 4d  00711(16) -0.0536(45) 025 0.005
R, = 2.09% O@) 4d  03996(15) 0.0386(44) 025 0.005
NaGdTiO, Na 4d 0.5896(11) 0.0157(41) 0.25 0.008(3)
Pbcm (No. 57) Gd 4d 0.8925(2) 0.0217(6) 0.25 0.001(1)
a=124727(4nm  Ti(1) 4d  0.2652(5)  0.007521) 025 0.005
b=10.53349(6)nm  O(1) 4c 0.2130(20) 0.25 0.0 0.015(8)
c=0.53361(S)nm  OQ2) 4c  0.7570Q21) 0.25 0.0  0.005
R, =10.40% 0@3) 4d 0.0716(18) -0.0729(63) 0.25 0.007(8)
R, = 1.73% 0@) 4d  0.3970(16) 0.0368(53) 0.25 0.005
NaYTiO, Na 4d 0.5905(9) 0.015436) 0.25 0.023(3)
Pbem (No. 57) Y  4d  0.8931(2) 0.02988) 025 0.004(1)
a=1221343)nm  Ti(l) 4d  02610(5)  0.011i(17) 025 0.005(1)
b=0.535173)nm  O(l) 4c 0.2062(16) 0.25 0.0 0.010(6) -
c=0.535093)nm  O(2) 4c 0.7571(17)  0.25 0.0 0.010(6)
R,,=9.75% 0O@3) 4d 0.0703(15)  -0.0809(50) 0.25 0.012(7)
R:=2.25% 0O@d) 4d 0.3980(14) 0.0568(49) 0.25 0.011(5)

a) Multiplicity and WyckolfT notation.
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0.1 [9]. NaLaTiO, and NaLuTiO, have unusually high (3.45) and low (3.16)
c/a ratio, respectively. If the octahedra in tetragonal NaLaTiO, are regular,
the cell parameter a would be in the range 0.390 - 0.396nm. The observed
valuec (0.377nm) is much smaller. Ganguly and Rao presumed from data of
the lattice paramcters of NaLaTiO, that therc is a considerablc pressure on
the Ti-O equatorial distances of the TiO, octahedra in NaLaTiO, [9]. As
shown in the refinement results of the crystal structure for NaLaTiO,, this
apparent compressed bond is due to the deviation of titanium ion from the
octahedral center. The Ti-O equatorial distance (0.1935(4)nm) is similar to
that observed for Sr,TiO,, in contrast to the Ti-O apical distances with
abnormally short (0.170(2)nm) and long bond (0.265(2)nm). In NaLnTiO,,
the charge imbalance between Na® and Ln' ions both located in the
interlayer is compcnsated by a displacement of the Ti** ions from the
position of the regular octahedral center toward the Na* ions. Such a
distortion of TiO, octahedra in their compounds is contrasted to that of
Ruddlcsden-Popper phase, Sr,Ti,0,, which has an almost regular TiOg
octahedral structurc [39]. Blasse and Van Den Heuvel suggested from the
infrared and Raman spectra of NaLnTiO, (Ln = La, Gd and Y) that the
position of Ti atom in the TiO, octahcdra is shifted from a regular central
position [37]. Our structure rcfinement results obtained here strongly
supports their prediction. The stability of A,BO, structure is often describe

in terms of a tolerance factor defined as [7]

t=(r,+ 1) /2 (rg+ 1) 4-1)
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where r, + r,and ry+ r,refer to the sum of the ionic radii of A-O and B-O
bonds. Based on Shannon's ionic radii, the calculated tolerance factors of
NaLaTiO, are 0.94 and 0.93. Since the Ti-O-Ti bond is bent considerably
from the ideal bond angle of 180" , the effective Ti-O bond distance is
reduced. Thercfore, the tolerance factors of NalLaTiO, are close to unity
required from the ideal tetragonal geometry. This result is consistent with
the fact that the space group of NaLaTiO, was P4/nmm with a tetragonal
symmetry. The tolerance factor also explains the change of the symmetry
from tetragonal to orthorhombic for NaLnTiO, (Ln = Eu - Lu). The
occurrence of the orthorhombic symmetry is ascribable to the tilting of TiO,
octahedra. The dccrease in tolerance factor with a decrease of the ionic
radius of rare earth ions causes the mismatch between TiO, and LnO, layers.
Considerable energy to stretch the Ln-O bond in a bilayer of LnO would be
required because of the high charge of the Ln’* ions. On the other hand, the
Na-O interaction is weaker than the Ln-O interaction. As a result, the

mismatch between TiO, and LnO, layers is compensated by the tilting of

TiO, octahedra.
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4.4 Summary

The layered perovskite compounds, NaLnTiO, (Ln = La, Eu, Gd, Y,
and Lu), were synthesizes by a solid state reaction. The crystal structure of
these compounds were determined by Rietveld analysis for the XRD pattern.
For Ln = La - Y, it can be synthesized only under very narrowly defined
conditions. The composition of NaLuTiO, was not single phase under the
conditions used in this study. The stabilization of the NaLnTiO, structure
were discussed on the basis of an analysis of the relative sizes of the rare
earth ions and the alkali metal cations. By using two parameters, i.e., c/a
ratio and tolerance factor t, the change of the crystal symmetry can be
explained. The lowering of the symmetry are considered to be intro duced by

the mismatch between TiO, and LnO, layers.
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Chapter 5

Synthesis of Novel Intercalation Compounds, AgLnTiO, and

LiLnTiO,(Ln = La and Eu)

5.1 Introduction

lon-exchange reactions in inorganic solids can be used to provide
metastable phases. An example is the synthesis of novel solid Bronsted
acids, H,Ln,Ti,O,, (Ln = rarc earth), from A,Ln,Ti,0,, (A = K, Rb, Cs) by
ion-exchange reaction [13]. In chapter 4, the crystal structure of layered
perovskite compound, NaLnTiO,, were determined [40]. These compounds
show a sequential ordering of the cations in such a way as [-Ln-Ln-Na-Na-].
Although the characteristics of the crystal structure in these compounds are
similar to the ion-exchangcable triple layered perovskite compounds [21,
41], the ion-exchange rcaction of the layered perovskites, NaLnTiO, , has
not been reported. If the ion-exchange reaction is taken place in these
layered perovskite compounds, their physical properties could be controlled

by the exchanged ions.

In this chapter, we report the synthesis of novel compounds,
AgLnTiO, and LiLnTiO, (Ln = La and Eu), by ion-exchange reaction from

parent sodium compounds.
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5.2 Experimental

The parent compounds, NaLaTiO, and NaEuTiO,, were prepared as
described in chapter 4. AgLnTiO, and LiLnTiO, have been prepared by the
ion-exchange reaction from parent compounds, NaLnTiO, (Ln = La and Eu).
Silver and lithium exchange of interlayer sodium ions in sodium compounds
were carried out in molten AgNO, at 250°C for 12h and LiNO, at 310°C for
12h, respectively. After the reaction, the precipitate of silver compound was
collected, washed with distilled water and then with ammonia solution in
order to ecliminate silver oxide, Ag,0. The product was washed with
distilled water again and air-dried at room temperature. The completion of
the ion-exchange reaction was confirmed by XRD and X-ray fluorescence
analyses.

Powder XRD patterns were recorded on a Rigaku RAD-rA
diffractometer, using Cu-K _ radiation which was monochromatized by a
curved crystal of graphite. The data were collected by a step-scanning mode
in the 2 0 range of 5 - 100" with a step width 0.02° and a step time 4s.
Indexing of the powder XRD patterns obtained was examined with the aid
of the computer program CELL [24]. Data analysis was carried out by the
Rietveld method, using the RIETAN profile refinement program [25] on an

ACOS2010 computer at Niigata University.
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5.3 Results and Discussion

As shown refinement of crystal structure in chapter 4, the charge
imbalance between sodium and lanthanide ions in NaLnTiO, is compensated
by a displacement of the titanium ions from the position of a regular
octahedral center toward the sodium ions. The oxygen with a fairly
shortened distance of Ti-O is located toward sodium ions between the
perovskite layers. These bond characters are similar to those of Na,La,Ti,O,.
An important common structural feature of all the series of
ion-exchangeable layecred perovskite compounds is the presence of
extremely short bonds of metal-oxygen toward the interlayer alkali metals
between the perovskite layers [17, 19]. Such shortness of the Ti-O distance
leads to less interaction between the sodium atoms of the interlayer and the
apex oxygen atoms of the perovskite layers. Therefore, these structural
features may be a cause for ion-exchange reaction with other monovalent
ions. Actually, the sodium ions in parent compounds are readily exchanged
with silver and lithium ions in molten AgNO, and LiNO, to give novel
layered oxides.

The ion-exchange compounds, AgLnTiO, and LiLnTiO,(Ln = La and
Eu), are obtained in the form of well-cristallized powders, dark gray for the
silver compounds and light-brownish white for the lithium compounds. The
XRD study of AgLaTiO, and LiLaTiO, showed a tetragonal symmetry with
only one systematic absence of h + k = 2n + 1 for hkO reflections,
indicating possible Space groups P4/n or P4/nmm. On the other hand,
reflection conditions of AgEuTiO, and LiEuTiO, are k = 2n for Okl and 0k0

reflections and | = 2n for hOl and 00! reflections on the basis of an
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orthorhombic symmetry. The possible space groups are Pbcm or Pbc2,.
These reflection conditions show the crystal symmetry which is the same as
that of the parcnt compounds, NaLaTiO, and NaEuTiO,. Despite of the
considerable difference in ionic radii between the alkali ions and rare earth
ions, the symmetry of the ion-exchage compounds is practical‘ly unchanged.
From the previous chapters, it is found that the tilting of TiO, octahedra is
caused by the mismatch between TiO, and LnO, layers. The replacement of
sodium by silver and lithium in NaLnTiO, has shown the predominant role
of the lanthanide in structural properties of these materials.

The Rietveld refincments for the ion-exchange compounds were,
therefore, performed assuming the same structural model as that of the
parent compounds. Initial atomic positions werc calculated by modifying
the coordinates of the parent compounds. In the early refincment stage of
ion-exchange compounds, the sitc assignment for silver and lithium ions
were not included. In final refinement stage, the location of the silver ion
site was determined by difference Fourier maps. However, it was not
possible to locate the remaining lithium atoms from the difference Fourier
maps because of its low atomic scattering factor. Therefore, several trial
models were fitted to the profiles using Rictveld program RIETAN. The
small size of the Li* ion leads to a large contraction along the c-axis
between perovskite layers. The spacing betwecen the adjacent perovskite
layers in both lithium compounds are about 0.14nm. This interlayer
distance is too small to allow the lithium ions to be rock-salt coordination.
In addition, the nine-fold coordination of lithium atom is unkown. The
anomalously shortened lattice parameters obtained may be due to a

coordination change for lithium atom, which is possibly in a four-fold
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coordinate site. The refinements assuming four-fold coordinate site of
lithium atoms converged to R, = 15.60% for LiLaTiO, and 15.15% for
LiEuTiO,. These relatively high R-factors are probably due to poor
crystallinity occurring during the ion-exchange reaction. It is difficult to
determine the accurate positions of lithium atom in between the perovskite
layers, owing to the fact that lithium atom has a smaller contribution to the
structure factors because of their small atomic scattering factors. Therefore,
it is evident that the results obtained here for the atomic positions may be
considered as a structural model rather than accurate structure. Although
the silver ion-exchanged compounds give slightly poor crystallinfty
compared with the parent compounds, R-factors were reasonably converged
due to relatively high atomic scattering factor of silver atom.

The results of the pattern fitting for AgLnTiO, and LiLnTiO,(Ln = La
and Eu) arc shown in Figs. 5.1 - 5.4. The crystallographic data finally
obtained from Rietveld refinement are listed in Table 5.1 and 5.2. The
structural models for AgLnTiO, and LiLnTiO, (Ln = La and Eu) are
illustrated in Fig. 5.5 and 5.6, respectively. AgLaTiO,and AgEuTiO,, which
are prepared by the ion exchange reaction, retain the structural property of
the parent compounds, NaLaTiO, and NaEuTiO,. For example, the silver
ion-exchanged compound, AgEuTiO,, also show the deviation of titanium
ions toWard the silver ions and the tilts of the TiO, octahedra, leading to an
orthorhombic structure. The silver ion-exchanged compounds, AgLnTiO,
(Ln = La, Eu), consist of intergrowths of the perovskite sheets with the
single layers of LnO and AgO with a distorted rock-salt coordination. The
rock-salt type coordination of AgO found in AgLnTiO, is extremely rare in

the normal oxides containing silver atoms [17]. In many cases, silver atoms
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have a covalcnt bond character in oxide due to its electronic configuration.
In such silver oxides, the distance of Ag-O bond is usually in the range
0.207 - 0.218nm for monovalent Ag ions [27, 28]. On the other hand, the
distances of the Ag-O bond in AgEuTiO, are relatively large (ranging from
0.234(3) to 0.2660(5)nm), comparable with those found in NaAgMoO4
(raﬁging from 0.225 to 0.255nm) [42]. Therefore, it scems that the silvgr
atoms in the silver ion-exchanged compounds, AgLaTiO, and AgEuTiO,,
have an ionic bond character. In contrast, the coordination of Li-O found in
LiLaTiO, and LiEuTiO, is not a rock-salt type. The lithium ions in both
compounds have a tetrahedral coordination. The environment of the lithium
ions in LiEuTiO, is illustrated in Fig. 5.7. For LiEuTiO,, the Li-O distances
in a LiO, tetrahedron are 0.195(8)nm and 0.212(8)nm. These bond distances
are similar to thosc observed for the corresponding niobium compound,
Li,, ,LaNb,O, [43]. It seem likely that the LiO, tetrahedron in LiEuTiO, is
fairly distorted from an ideal tetrahedron, because of too small ionic radius
and high charge density of lithium layer. It is difficult to obtain the
accurate information of lithium atom from powder XRD pattern analysis.
Another approach, for example, ncutron diffraction pattern analysis, is

necessary to give a full structural description of this material.
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5.4 Summary

Novel compounds, AgEuTiO, and LiEuTiO,, have been synthesized
by an ion-exchange reaction from parent compound, NaEuTiO,. The crystal
structurc of AgEuTiO, and LiEuTiO, were determined by the powder XRD
pattern. The silver ion-exchanged compound, AgEuTiO,, retains the
structural charactcristics of the parent phase, NaEuTiO,. On the other hand,
the lithium ion in LiEuTiO,, has a tetrahedral coordination because of tdo

small ionic radius. These compounds, which are probably metastable, could

only be obtained by thc ion-exchange reaction.
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Chapter 6
Luminescence Properties of Layered Perovskites activated

by Eu’* ions.

6.1 Introduction

Many compounds conlaining rare earth ions are very useful for
phosphors and laser materials because rare earth ions can become an
efficient lumincscence center [44]. The emission is often quenched by
doping rarc ecarth ions over an critical concentration [45, 46]. This
phenomenon is called "concentration quenching". It is well known that the
interaction betwcen rare earth ions results in the concentration quenching,
but there are a number of unclarified discussions regarding the nature of the
interaction. Although the concentration quenching is strongly dependent on
the structural dimensionality of the host material, investigations on the
luminescence propertics of low-dimensional compounds are rather fewer
than those on threc-dimensional compounds [47 - 49]. In addition, these
studies have not been carried out systematically.

In this chapter, the ‘rclalionship between structural arrangement of
rare carth ions and the concentration quenching of the luminescence in
layered pcrovskite compounds of Na,Gd,Eu,,,Ti,0, with a triple
perovskite layer and NaGd,Eu, TiO, with a single perovskite layer are
investigated. The crystal structure of Na,Eu,Ti,O,, remains still unknown
although prototype structure model is presumed [12]. Therefore, the crystal

structure of this compound was determined by the Rietveld analysis for
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powder XRD data. The difference in the critical concentration for the
concentration quenching observed in both compounds is discussed on the

basis of the determined crystal structure.
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6.2 Experimental

Na,Gd,Eu,,,,Ti,O,, and NaGd,Eu, TiO, were prepared as described
in chapter 3 and 4. XRD patterns were rccorded on a Rigaku RAD-rA
diffractometer, using Cu-K o radiation which was monochromatized by a
curved crystal of graphite. The data were collected on thoroughly ground
powders by a step-scanning mode in the 2 0 range of 5 - 100" with a step
width of 0.02° and a step time of 4s. The indexing of the powder XRD
pattern for these compounds was examined with the aid of computer
program CELL [24]. Data analysis for the structural refinement was carried
out by the Rictveld method, using the RIETAN profile refinement program
[25] on an ACOS2010 computer at Niigata University.

Phasc purity of these compounds was examined by the
cnergy-dispersive X-ray (EDX) mcthod using an electron microscopc (ABT
EM002B) equipped with an EDX analyzer. Excitation and cmission spectra
were measurcd on a powder sample using a Shimadzu RF-5000

spectrophotofluorometer.
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6.3 Results and Discussion

Space group of Na,Ln,Ti,O,, (Ln = rare earths) has not been found.
Gondrand and Joubert [12] reported the synthesis of a series of
Na,Ln,Ti,O,, (Ln = La, Nd, Eu, Gd). From the electron diffraction analysis,
they suggested that Na,Gd,Ti,O,, crystallizes in an orthorhombic sys(efn
with a= b= 0.770nm and c%= 2.84nm. They also pointed out that the
structure of these compounds is analogous to that of the Ruddlesden-Popper
type compound, Sr,Ti,O,,, with a triple perovskite layer because of the a
and b latticc paramelers nearly equal to the values as twice large as those of
the Ruddlesden-Popper compound with 14/mmm space group. We also
observed weak elcctron diffraction spots corresponding to the doubling of a
and b lattice paramcters for Na,Eu,TijO,,. According to the group
theoretical analysis of space group b}; Hatch et al. [50], we tried to
determine the possiblc space group for Na,Eu,Ti,0,,. However, the Rictveld
analysis using the scvcral space groups expected from the group theory gave
no rcasonable solution with physically meaningful structural parameters.
This type of superstructure of Na;EuzTi,O,o is probably related to an only
slight displacement of oxygen atoms, as observed in BaNdMnO, [51].
Therefore, we carricd out the Rietveld analysis based on the space group
[4/mmm (Z = 2). It should be noted that the results in the present structurél
determination express an averaged structure for Na,Eu,Ti,O,,.

The results of the pattern fitting for Na,Eu,Ti,O,, is shown in Fig. 6.1.
The crystallographic data finally obtained from the Rietveld refinement are
listed in Tables 6.1. The structural models for Na,Eu,Ti,O,, and NaEuTiO,

are illustrated in Figs. 6.2 and 6.3. These compounds cxhibit an ordering of
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Fig. 6.2 Structural model of Na,Eu,Ti,O,,.
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Fig. 6.3 Structural model of NaEuTiO,.
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the cations in the form [-Eu-Eu-Na-Na-]. The Eu’" ions occupy only one
crystallographic sitc and form a quasi-two-dimensional plane consisting of
a doublc layer perpendicular to the c-axis in Na,Eu,Ti,0,, and the a-axis in
NaEuTiO,. The shortest Eu'* - Eu' distances (ca. 0.38nm in both
compounds) within the quasi-two-dimensional plane are much shorter than
those between the adjacent two planes (ca. 0.98nm in Na,Eu,Ti,O,, and ca.
1.25nm in NaEuTiO,). The shortest Eu’* - Eu'* distances are about the same
in both compounds. Thercfore, these layered perovskite compounds can bea
suitable system to investigate two-dimensional energy transfer among doped
Eu’* ions.

Figure 6.4 shows the emission spectra for Na,Gd,, Eu, Ti,O,, and
NaGd, Eu TiO, at 300K. The excitation wavelength is 401.6nm which is the
optimum cxcitation wavclength for the étrongcsl emission. The emission
spectra show two strong lines, which correspond to the °D, - 'F, and °D, - 'F,
transitions of Eu’* [52]. Sevcral weak emissions from higher °D levels were
also obscrved in the range of 400 - 500nm for the cases with low
concentrations of Eu'* ions. |

Figure 6.5 shows the dependence of the strongest °D, - 'F, emission
intensity on the Eu’* concentration. The critical values for the concentration
quenching are x = 0.40 for Na,Gd,,Eu,Ti;O, and x = 0.25 for
NaGd, Eu,TiO,. The experimental value of the critical concentration for
NaGd, Eu,TiO, is in good agreement with the result of Berdowski and
Blasse [47, 53]. Although thc Eu’* - Eu** distances in these compounds are
rather short, these values arc much higher than those qbserved in

conventional inorganic phosphors [54, 55]. The high critical values in the
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(88)



"UOLIBIIUAOUOD , N U0 AJISuaiul uoissiwa g, - °q, Jo ssuspuadsp 3yl 59 81

7
[ odonc.w.ﬁxmﬁmAx-CNﬁONmz

R
vYor1*ng* “lpoeN |

'\
o

‘n g/ A1ISUdIUl 9ANIR[Y

(89



laycred perovskite compounds indic‘alc that the energy transfer is restricted
to the quasi-two-dimensional Eu'* sublattice.

The theorctical values of the critical concentrations in both
compounds were determined by the following approximate expression using
the percolation modcl [56, 57], because it is impossible to solve the

problem analytically.
z°P,=d/(d-1), 6-1)

where z is the coordination number, P_ the critical concentration and d the
dimensionality for thc percolation lattice. It should be noted that this
expression gives only an approximate value. The computer simulations are
now in progress to obtain the morc accurate values. The percolation modél
can be applied to the given compounds based on the following two
assumptions: i) the intcraction among Eu’* ions occurs only among the
nearest sites, ii) the concentration quenching is due to the energy transfer
from a percolation cluster of the nearly two dimensional Eu** sublattice to
killer centers, e.g., unknown defects or a very small amount impurities
acting as an acceptor.

Figure 6.6 shows the schematic representation of the local
environment of Eu'* ions. Therc are two kind of the distances among the
adjacent Eu' - Eu'* ions in Na,Eu,Ti,O,, i.e., one group is four short
distances (0.37956(2)nm) and the other a long distance (0.429(1)nm). The
distances for the adjacent Eu'* ions for NaEuTiO, are classified into three
types, i.e., two short distances (0.3630(4)nm), four moderate distances

(0.3795(3)nm, 0.3800(3)nm), and two long distances (0.3911(4)nm). These
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distances can be considered as nearly equal. Therefore, the coordination
numbers are z = 5 for Na,Gd,,,,Eu, Ti,0,, and z = 8§ for NaGd, Eu,TiO,.
Since the valuc of d can be taken as 2 owing to the layered structure, the
critical concentration, P_, determined by equation(1) are equal to x = 0.40
for Na,Gd,, ,,Cu, Ti,O,, and x = 0.25 for NaGd, [Eu TiO,. The experimental
values agree well with the calculation results. This clearly indicates that the
energy transfer occurs only within the nearest Eu®* ions in both compounds.

Berdowski and Blasse [53] claim that the interaction between the
Eu’* ions in two-dimensional compounds is due to a super-exchange
interaction. In this case, the super-exchange interaction is taken place by
the spin exchange via O anion. If the nature of the interaction for these
compounds is the super-exchange, the interaction between the second
nearest neighboring Eu' ions should also become important. The critical
concentrations obscrved are too large on the basis of such a super-exchange
mechanism only. Since the interaction occurs between the nearest sites, a
direct interaction, i.e., multipole - multipole interaction, must be taken into
account. Thercfore, the interaction between Eu®* ions in the layered
perovskite compounds is considered to be due to multipole - multipole
mechanism. Furthermore, such short critical distances of the interaction
suggest that the mechanism of higher order multipole (dipole-quadrupole,
quadrupole-quadrupole) is the dominant in the energy transfer between the
Eu' ions in these compounds. These explanations can satisfactorily
interpret the well known facts that the low-dimensional compounds have a

high critical value of concentration quenching.
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6.4 Summary

Dcpendence of the emission intensity on Eu'* concentration in
Na,Gd,, ,,Eu, Ti,O, with a triple perovskite layer and NaGd, ,Eu TiO, with
a single perovskite layer was studicd. Critical values for the concentration
quenching are x=0.40 for Na,Gd,,,Eu,Ti,O, and x=0.25 for
NaGd, Eu TiO,. The difference of the critical concentration between both
compounds is discussed in terms of their crystal structures determined by
the powder XRD patterns using the Rietveld method. The concentration
quenching found in these compounds can be explained by mcans of a

percolation model with ncarly two dimensional intcractions between Eu’*

sites in the host lattice.
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Chapter 7

Concluding Remarks

The relationship between crystal structure and two-dimensional
physical propertics in laycred perovskite compounds have attracted much
attention. In this thesis, low-dimensional electric conducting behavior and
luminescence properties were studied. The results are discussed in terms of
the crystal structures dectermincd by the powder XRD patterns using
Rictveld method. The knowledge obtained in this study will serve as a guide
for designing new compounds of this structure. The results are summarized

as follows:

1. Although the anhydrous K,La,Ti,O, compound and newly prepared
Ag,La,Ti,O,, compound, which arc triple layered perovskites, have almost
the same crystal structure, a drastic difference in the bond character of M-O
(M = K, Ag) was observed between the two compounds, i.e., completely
ionic character for the K-O bond and relatively strong covalent character for
the Ag-O bond along the direction of the c axis. An almost pure ion
conduction of silver was observed at the temperatures below 200°C, while
the mixed conduction with silver ion transport number of 0.5 was observed

over this temperature.

2. The ionic conductivity of Na,La,Ti,O,, was not very high compared with
those of niobate compounds, NaLaNb,0, and NaCa,NaNb,O,,. Such a low
ionic conductivity is duc to the rigid rock-salt-type coordination around

sodium ions located at the interlayer.
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3. The crystal structures of single layered perovskite compounds, NaLnTiO,
(Ln = La, Eu, Gd, Y, and Lu), are determined. NaLnTiO, have a tetragonal
symmetry for Ln = La, while an orthorhombic symmetry for Ln = Eu - Lu.
The lowering of symmetry arc discussed in terms of the mismatch between
TiO, and LnO, layers. Using two parameters, c/a ratio and tolerance factor t,
the change of symmetry of crystal structure can be explained. The lowering
of symmetry are considered to be produced by the mismatch between TiO,

and LnO, layers

4. New ion-cxchanged compounds of AgLnTiO, and LiLnTiO,(Ln = La and
Eu) are synthesized. Silver ion-exchanged compounds, AgLnTiO,, retain the
structural property of the parent phase, NaLnTiO,. On the other hand,
lithium ion in LiLnTiO,, has a tctrahedral coordination because of too small
ionic radius. Thesc compounds, which are probably metastable, could only

be obtained by ion-exchange rcaction.

5. The critical concentrations for photoluminescence of NaGdTiO, and
Na,Gd,Ti,0,, doped by Eu’* are x=0.40 for Na,Gd,,,Eu,Ti,O, and x=0.25
for NaGd, [Eu TiO,. The concentration quenching found in these compounds
can be explained by mcans of a percolation model with nearly two

dimensional interactions between Eu?* sites in the host lattice.
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