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                    1. GENERAL INTRODUCTION

       IR the present thesis, the crystal structure and defect nature of

the hexagonal aluminates having a beta-alumina, magnetoplumbite, or

related layer stucture are discussed mainly using X--ray single crystal
     '
data. "Hexaaluminates" has been commonly referred to as these kinds of

hexagonal aluminates, so this term is used throughout this thesis only for

convenience sake. Fig 1-1 depicts the arrangement of the atoms of beta-

alumina and magnetoplumbite in a plane perpendicular to the a-axis. Beta-

alumina and magnetoplumbite structures resemble each other. They consist

of "spinel blocks" and "intermediate layers" stacking alternately to form

a kind of layer structure as shown in the figure. Spinel blocks are

composed of Al and O ions and have the same atomic arrangement as the

spinel. Large cations are usually accommodated in the more spacious

intermediate layer having a mirror plane symmetry. Hereafter we refer to

it as "mirror plane." The major difference between structure types in the

hexaaluminates is found in the mirror plane as depicted in Fig.1-2. In a

magnetoplumbite structure, the mirror plane of a single unit cell contains

a large cation, an Al ion, and three oxygen ions; in a beta-alumina

structure, it contains only a large cation and an oxygen ion. As yet,

several aluminates containing mono-, di- and trivalent cations have been
              '
reported to have beta-alumina or related layer structures. The hexa-

aluminate containing monovalent Na ion is of a beta-alumina type and well-

known as a prominent ionic conductor. Large divalent cations such as Ca

and Sr are incorporated into hexaaluminates giving a magnetoplumbite

structure with the general formula MAI1201g( M=large cation )( Kato &

Saalfeld, 1968; Lindop 2JtL LI., 1975 )•
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       Up to now, many investigations have been focused on the structure

and nonstoichiometry of the beta-alumina compounds containing monovalent

cation, such as Na, K, and Ag. The ionic conduction mechanism has been

also discussed for these compounds due to the extreme mobility of the

monovalent cations in the mirror plane. Beta-aluminas are usually expres-

sed as MAInO17 ( where M=monovalent cation ), but the mirror plane almost

always accommodates more monovalent cations than unity per chemical

formula. In reality, beta-aluminas are massiveiy defective, and better

expressed as "T"fl+xAlll.oO17.o+x/2" with x-parameter indicating the amount

of excess cations. It is known that x usually takes the value around O.3

for the crystals grown by cooling the melt. The mechanism of accorTllno-

dating excess cations in the mirror plane was revealed by Reidinger(1979),

who showed the existence of unique defects which compensate extra positive

charge owing to the excess cations. According to this mechanism, a pair

of interstitial Al ions which migrated from spinel blocks by the Frenkel

defect mechanism are bridged by an interstitial oxygen in the mirror plane

with forming a kind of complex defect, which might be called "Reidinger

defect"( Fig.1-3 ). It means that the interstitial oxygens do compensate

the extra charge. The formula "rvll+xAlll.oO17+x/2" itself reflects this

mechanism. The "Reidinger defect" mechanism was also confirmed by poten-
                             '
tial energy calculation by Wang( 1980 ).

       Such nonstoichiometric composition is not limited to the hexa-

aluminates containing monovalent cations. Though Ca and Sr hexaaluminates

were shown to have ideal magnetoplumbite formulae MAI1201g, where M=Ca and

Sr, the exact composition of hexaaluminates containing larger divalent

cations such as Ba and Pb has not been clarified. Bariurn hexaaluminate

was first reported by Toropov( 1935 ). It has been accepted to have a
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magnetoplumbite structure with the chemical formula BaAl1201g for a long

time until careful examinations on this material by Stevels ( 1980 ) and

Haberey sJt!. a,IL.( 1980 ) threw doubt on this concept. Neither the structure

nor the formula of "Ba hexaaluminate" was clarified unti! our works were

publÅ}shed ( !yi gltL A,IL.,1983, l984a, 1985b ). Moreover, the knowledge of

the hexaaluminates containing large trivalent cations in the mirror plane,

such as rare--earth elements, is extremely limited. After Roth & Hasko

( 1958 ) found the "beta-alumina"-like compound in the system La203-Al203

and tentatively denoted it as La203'llA1203, the formula "LnAlllOls" has

been used to express the phase of rare-earth hexaaluminates up to now.

Only Stevels( 1979 ), in the study of luminescence of the doped hexaalumi-

nates, noticed the nonstoichiometric composition of lanthanum hexaalumi-

nates and proposed the formula (Lal-xOx)Alll+2/3+sx/301g ( x=O•14, With

narrow solid solution range ) for non-doped lanthanum hexaaluminate on the

basis of luminescence and X-ray powder diffraction data. But very little

attention has been paid to his assumptions by other researchers. The

composition of "beta-phase" was supposed to be LnAlnOls ( Morgan &

Cirlin, 1982 ) or Ln203'11A1203 on the basis of the phase study in the

system A1203-Ln203( Ln: lanthanides )( s.,.g. Jantzen & Neuagaonkar, 1981 ).

Such ambiguity is not confined to the composition; the crystal structures

of these hexaaluminates containing large divalent and trivalent cations

have not been clarified yet. It is very surprising that structure and

composition of binary oxide compounds in such simple systems have not been

analysed.

       The reason for this situation can be attributed to the lack of
  '

single crystals of good quality. Indeed the compositioR can be determined

by the powder sintering method, but the sintered specimens are so in-
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homogeneous that very careful examinations are needed to draw a precise

conclusion on the composition. As far as the author is aware, reliable

works using the powder rnethod was accomplished by only a few researchers

such as Stevels( 1979 ), Haberey s2!tL LI.( 1980 ), and Kimura gJtL A,IL.( l982 )

in the field of the hexaaluminates. The wet analysis of the single crys-

tal of a given compound would offer the most re!iable attd decisive

results. So, Å}n this thesis, the composition was determined along these

lines as far as possible. The structure could also be easily analysed if

single crystals are available. The powder diffraction method is not suit-

able to clarify the detail of such a highly defective structure even if

the Rietveld profile fitting method is applied(g-,.g. England gt Nl..,1982 ).

Some researchers discuss the structure of barium hexaaluminates phase !I

using the data obtained by the electron microscopy method( Zandbergen gt

al., 1984; Wagner & O'Keeffe, 1985 ). But, for such complex structures,

the electron microscopy is not suitable to reveal the structure in detail,

as they themselves admitted. It is useful only to clarify whether a given

structure model is correct or not, together with the computer image-
                                            'simulation method. Furthermore, even if X-ray single crystal data were

collected, care must be taken in the refinement procedure. The structure

analysis of the defect-rich hexaaluminates is very complicated and,

furthermore interstitial ions are in general hard to be detected due to

the low occupancy. Structure refinement only by the least-squares method

may lead to a mistake. It is necessary to examine difference Fourier

sections at each stage of the refinement process. The structural para-

meters of lanthanum hexaaluminate were determined by Gasperin gt st1.(1984)

independent of us, but they failed to observe the interstitial Al which

we recognized( Iyi s!t!. Ll., 1984b,c). It is probably because they

-4-



used the data for refinement without absorption correction and finished

the structure analysis at the isotropic refinement with an R-factor of

only about O.06. Some refinements on beta-alumina compounds containing

monovalent cations are not reliable because of the apparent mistakes such

as negative temperature factors for some atoms and no absorption correc-

tion for flat crystals. As the cations are distributed among various

sites in the mirror plane, a careful refinement is needed to obtain

reliable parameters.

 !P:y!J2gEgE. and Method g!fL This RSyEg)Ltud

       As mentioned above, there still remained the problems with respect

to the structure and composition for hexaaluminate compounds. The aims of

this study are;

(l) to clarify the effects of the large cation in the mirror plane upon

the hexaaluminate structure, and

(2) to reveal the precise composition and the causes of the nonstoichio--

metry on the basis of the structural knowledge.

       For these purposes, several hexaaluminates containing various

cations with different valence and ionic radius were chosen and examined.

The structure and composition of these hexaaluminates are revealed by

using well-characterized sÅ}ngle crystals which were grown mainly by the FZ

method. The structure was revealed by using X-ray diffractÅ}on data

obtained on a four-circle diffractometer. !n reality, obtained parameters

by the X-ray single crystal diffraction method are on the average struc-

ture; however, the present author take the position that we must not

confine ourselves to reporting only the parameters, but that we should

propose a structure model in order to understand the characteristics of
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such defective compounds. In the present thesis, it is supposed that a

defect structure is composed of several types of cells, and structure

models based on this concept were presented for explanation of the struc-

tural parameters and occupation factors.

  Contents of This Thesis

       The present thesis is organized as follows:

!n Chapter 2, the hexaaluminates containing trivalent rare-earth elements

are studied. The composition and the structure are determined by X-ray

single crystal data. By considering that the compound Å}s made up of

defective ceUs and non-defective cells( perfect cells ), nonstoichio--

metric composition is explained. In Chapter 3, the hexaaluminates con-

taining divalent cations are studied. These are Pb, and Ba hexaalumi-

nates. Especially, two compounds, beta- and beta(II)-alumina are confir-

med to exist for Ba hexaaluminate. Previously, they were referred to as

phase I and phase II, respectively( Kimura s2!tL a,IL., 1982 ). The structures

of both compounds are elucidated. By the structure model considering

defect and perfect cells, the nonstoichiometric composition of both com-

pounds are explained. The structure determination of Mg-doped barium

hexaaluminates are also included. Chapter 4 is focused on the hexaalumi-

nates containÅ}ng a large excess amount of monovalent cations. These are

derived from the beta-aluminates containing divalent cations in the mirror

plane by the ion exchange method and contain extremely high amount of

excess cations in the mirror plane. On the basis of the occupational

parameters of monovalent cations, the distr2bution of cations in the

mirror plane is discussed. Fina! section of this chapter presents the

results of energy calculation which are conducted to confirm some part of
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these results. Chapter 5 deals with crystal chemistry of the hexaalumi-

nates, in which the effects of the cation size, valence, and population on

the structure type and mirror plane dimension are discussed.

       The problems specific to each compound are described in the intro-

duction part of each section.

  IEIII2g2g!z2,glgg9aj,.t 1 Procedure and Nornenclature

       The FZ apparatus was of a SC-7 type ( Nichiden Kikai Co., Ltd. ),

and its heat source wasa xenon arc lamp. The atmosphere during the

growth was nitrogen to prevent the bubble formation in the molten zone due

to the the same reason as indicated in the growth of some silicates ( Iyi

& Shindo, 1979 ).

       The automatic four-circle diffractometer is an AFC-3 model( Rigaku

Denki Co. Ltd. ), and MoKa radiation (X=O.71069 A) was used for data

collection. For the least-squares refinement, a modified RSFLS-4 program

( UNICS ), which was originally written by Sakurai sl!tL g,IL.( 1967 ), was

used. The Fourier syntheses were accomplished by RSSFR-5 program (UNICS)

written by Sakurai( 1967 ). Secondary extinction corrections according to
                           '
Becker & Coppens( 1974 ) and Coppens & Hamilton ( 1970 ) were incorporated

in the RSFLS-5 program. Absorption corrections were according to Busing &

Levy's algorism( 1957 ).

       The nomenclature of the cation sites in the mirror plane was taken

from that of Peters et al.( 1971 ), but Å}n wider sense. As the real

positions which cations occupy shift from the ideal BR ( 2/3,1/3,1/4 ),

mO( 5/6,2/3,1/4 ), and aBR( O,O,114 ) sites, it would be better to re-

define them to cover a wider region. The BR site would be better to be

defined as the site near ( 2/3,113,114 ) which cannot be occupied at the

-7-



same time with the symmetrical equivalent positions or mO cations in the

sarne single mirror plane. In the similar way, the mO site can be defined

as the site near ( 516,213,114 ) which is able to coexist with the symme-

trical equivalents or other mO cations in the same single mirror plane.

The aBR site is ( O,O,1/4 ). Naturally the boundary between the BR and mO

sites varies according to the radius of the cation in the mirror plane.

In the present thesis, the word "cation" means the large cation in the

mirror plane situated at the BR, mO, or aBR sites unless otherwise stated.

      The usage of nomenclature for the atomic positions such as Al(1)

and O(3) is consistent throughout the thesis. These atomic positions are

shown in Fig.1-S.
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2 HEXAALUIvlZNAZIES CONTAINING LARGE TRIVALENT CATIONS

2-1 Introduction

       In the phase investigation of the system La203-A1203, a "beta-

alumina-type compound" ( La203'11Al203 ) was first recognized by Roth &

Hasko( 1958 ). Since then, several investigations were published on the

hexaaluminates containing various rare-earth elements. Up to now, the

existence of the "beta-alumina-type compound" containing a trivalent rare-

earth elements has been recognized for the elements with large ionic radii

               3+such as La, Ce , and Pr; on the other hand, no such phase is considered

to exist for the elements with small ionic radiÅ} such as Gd, Tb, and Yb

( Toropov gtL a,1!,.. 1972 ). However, it is still a matter of controversy

that there are such phases for the elements of intermediate ionic size,

                       3+                          ( Liebertz, 1984; Mizuno et al., 1977a, l977b ).g-:a`, Nd, Sm, and Eu --
First of all, preliminary studies were conducted on the solidification of

melts with the composit;on Ln203.llA1203 ( Ln = La, Nd, Sm, and Eu ) in

the FZ apparatus in order to clarify whether there Å}s such a phase for

each element. In the solidified specimens, a "beta-alumina-type" phase

was detected for Ln= La, Nd, but not for Ln=Sm, Eu, by using the X-ray

powder diffraction method. This is in accordance with the results of the

phase investigations by Mizuno gt a,IL.( 1974,197S,1977a,1977b ). So, it

was presurned that Nd hexaaluminate was the hexaaluminate containing the

smallest rare-earth ion and that the phase exists for the rare-earth

cations in the range from La to Nd.

       Besides the existence of the "beta-alumina phase," there are two

problems on these hexaaluminates; composition and structure. Roth & Hasko
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( 1958 ) supposed that the "beta--phase" exists in the composition near

Al/La = 11.0. 0ther works on the phase study of La203-Al203 lead to

nearly the same conclusion ( Rolin & Thanh, (1965); Fritsche & Tensmeyer,

( 1967 ) ). However, Stevel( 1978 ) established the composition range as

Al/La = 13.07 to 13.89. Recently, Dexpert-Ghys gt g,1!,..( 1976, 1982 )

proposed the solÅ}d solution range from 11.0 to 14.0 on the basis of their

X-ray powder diffraction data and structure model. Thus the composition

and its range still remain unestablished.
                                          '
      Not only the composition but also the structural knowledge of these

hexaaluminates is extremely limited. Generally, they are accepted as

having a beta-alumina structure on the basis of the composition AllLa=ll.O

( g,.g. Morgan & Cirlin, 1982 ). Stevels & Verstegen( 1976 ) considered,

for the first time, lanthanum hexaaluminate to have the magnetoplumbite

structure and, later, mainly based on luminescence data Stevels( !979 )

constructed the structure model in which excess oxygen enters into the BR

site instead of a large cation to form 6-coordinated interstitial Al. On

the other hand, using powder diffraction and fluorescence data, Dexpert-

Ghys ect. Ll.( 1982)proposed that this compound was composed of beta-

alumina-type and magnetoplumbite-type unit cells, the ratio of which

depended on the composition. A refinement of structure using singie

crystal X-•ray diffraction data was accomplished on the re!ated compound

LaMgAlllOlg by Kahn ect. a,IL..( 1981 ). The result showed this Mg-substituted

                                                          2+ .hexaaluminate to be of the magnetoplumbite structure. As Mg ions are
                 3+substituted for Al                    ions in the spinel block to attain charge neutrality

in the case of LaMgAlllOlg, the problem of nonstoichiometry or charge

compensation for the nondoped hexaaluminates that contain trivalent

cations in the mirror plane still remains unsolved. Whatever the composi-
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tion and structure may be, the hexaaluminates having trivalent cations in

the mirror plane cannot be formed wÅ}thout containing defects in their

       !n section 2-2, the crystal structure determination of nonsubsti-

tuted lanthanum hexaaluminate using X-ray single crystal diffraction data

is described, and a possible structure model explaining the nonstoichio-

metry of this compound is proposed( Iyi et al., 1984b ). At the same time

that our work was published, Gasperin gt a,IL.( 1984 ) reported the struc-

ture of La hexaaluminate and its derivatives independently. However, they

only reported the parameters obtained by isotropic refinement and clari-

fied neither the composition nor the causes of the La-deficiency. Section

2-3 deals with the structure of Nd hexaaluminate ( Iyi gtL gl., 1984c ) for

comparison with La hexaaluminate.

                                                  'f

2-2 ECt!!)Lffga,Lt 1 Structure glf!. Lanthanum Hexaaluminate

2-2-1 IE!12g2g=L!ug!!glti

       Before conducting the single-crystal growth, the melting nature of

La hexaaluminate was examined. The molten zone with the composition of

La203'llA1203 was made between sintered rods in the FZ apparatus with a

xenon arc lamp as the heat source, aRd the rods were pulled apart gradual-

ly with slow cooling according to the SCFZ method ( Shindo, 1980 ). A

longitudinal section of the solidified specimen was examined by EPMA,

which revealed successive segregation of Al203, La hexaaluminate, and

eutectic lamellae composed of La hexaaluminate and LaAI03. This fact

indicates incongruent melting nature of La hexaaluminate, which is in

accordance with the result of Mizuno et al.( 1974 ).

                                  -16-



       The single crystal was grown by the FZ method using a xenon arc

lamp as the heat source. The growth rate was l.5 mmlhr and nitrogen was

used as the atmosphere during growth. The molar ratio Al/La of the grown

crystal was revealed to be always near 13.6 by EPMA even if the starting

materiai was of composition A12031La203 = 11.0, so the composition with

the molar ratio of 13.6 was used as starting materia!. The grown boule

was 3 - 4 mm in diameter and 15 mm in length. It was, for the most part,

clear and transparent, but stil! contained srnall amounts of inclusions

besides large and tiny cracks. From clear part of the boule several

specimens were taken, which were examined by Laue and precession methods.

The space group was determined to be P63/rnrnc and superstructure reflec-

tions were not detected. A crystal measuring approximately O.09 x O.06 x

O.04 mm was used for data collection on an automatic four circle diffrac-

torneter with graphite-monochromatized MoKa radiation. Reflections hkl,

h>k>O, and 1>O, were measured to a maximum 2e of l150. A set of three

standard reflections ( 107 ), ( 220 ) and ( OO,10 ) was measured every 100

reflections. After Lorenz polarization and absorption corrections, the

intensities of 290 non-zero unique reflections were obtained. As the
                                                              -llinear absorption coefficient for the specimen was p= 43.6 cm , the X-

ray absorption correction was applied to. The scattering factors for the

neutral atoms were taken from the I.T.( Vol.IV ). The lattice pararneters

were refined using 20 2e-data collected on the four-cic!e diffractometer.

The type I isotropic correction was applied for the secondary-extinction

correction. The crystallographic data are shown in Table 2-1, in which the

density of the specimen was determined by the method of Archimedes. The

molar ratio Al!La was determined by means of EPMA using A1203 and LaB6 as

the standard material.
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2-2-2 Chemical Formula

      The result of EPMA showed that the molar ratio AllLa of the grown

crystal was about 13.6. However, even with the composition of A12031La203

= 13.6 as the starting materials, the grown boules still contained a small

amount of LaAI03 inclusions. The inclusion-free part was selected and

examined by the wet chemical analysis ( chelatometry titration method ).

As a result, AllLa molar ratio of 14.4(3) was obtained. The result of

EPMA may be less reliable probably due to inappropriate conditions of

measurement andlor of standard materials. Frorn data of density, wet

chentcal analysis, and cell volume, the chernical formula of lanthanum

hexaaluminate used for the present study was deduced to be Lao.s27

Alll.gOlg.og aS shown in Table 2-1. The composition range of la hexa-

aluminate was examined using the longitudinal section of the specimen

obtained by SCFZ method( Shindo, 1980 ). EPMA showed the solid so!ution

range from about 13.5 to 14.4 when lanthanum hexaaluminate which was

revealed to be Al/La=14.4 by wet chemical analysis was used as the

standard.

2-2-3 RefÅ}nernent

      At first, Fourier and difference Fourier syntheses, which corres-

ponded to an R-value of O.286, were carried out using the positional

parameters of LaMgAlllOlg ( Kahn s!tL g,1;., 1981 ). It was revealed that the

structure of lanthanum hexaaluminate was essentially of a magnetoplumbite

type and that the occupation factors of La at the 2d site ( 2/3,l13,114 )

and Al at the 2b site ( O,O,1/4 ) were less than unity for each site as

can be supposed from the chemical formula. The refinement using general

isotropic temperature factor, the occupancy of La( at 2d ) and Al( at 2b),
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and the positional parameters as variable parameters yielded an R-value of

O.169. The difference electron map at this stage indicated a slight

displacement of the La ion from the three-fold axis ( 2d site ) to the 6h

site. When the La ion was split in the 6h site in the refinement, the R-

value dropped to O.118. However, electron density difference was still

observed around the large cation site in the difference Fourier section at

z=114. This is probably because La ions are distributed among various

sites around the BR site. So, in the next step, La was placed at the 2d

site in addition to the 6h site and the refinement was tried again. The

resulting R-value was O.093. When individual isotropic temperature fac-

tors were introduced, the refinement converged at R=O.079 and wR=O.096,

with unit weight. The result showed that the isotropic temperature factor

of Al(5) at the 2b site increased anomalously to 2.2 as compared to O.08 -

O.36 for the other Al ions. The difference Fourier sections corresponding

to R=O.093 indicated an elongated electron density from the 2b site in the

c-direction. From these features, we assumed that Al(5) was moved off the

mirror plane into 4e sites( O,O,114+d ) and split with S09o occupancy for

each site. The refinement with Al(5) at the 4e site gave an R-value of

O.071 and a reasonable isotropic temperature factor of O.57 for Al(5).

Further refinement introducing individual isotropic temperature factors

and secondary extinction corrections gave R=O.049 and wR=O.053 with unit

weight. The difference Fourier rnaps at this stage still indicated a small

                                                 -3                                                    ) at ( x, 2x, O.19 )amount of additional electron density ( about 2 eA

and ( x, 2x, O.18 ) sections with x=O.83, which we attributed to intersti-

tial Al, as was found in the other hexaaluminates having a beta-alumina

structure ( Roth et al., 1977 ). The refinement incorporating intersti-

tial Al as Al(6) yielded an R-value of O.043 ( wR=O.045 ) when individual
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isotropic temperature factors were used. Here the common temperature

factor of O.47 was used for Al(6) and this temperature factor was fixed

during the refinement. In addition, the occupancy of Al(1) was varied.

At this stage all occupation factors were varied while other parameters
              'being fixed. However, the occupation factors of all sites including

oxygen sites showed no sign of reduction. Anisotropic refinements, except

the temperature factor of Al(6), converged quickly to give a final R-value

of O.039 ( wR=O.042 ). The final difference synthesis showed random peaks

                                                              -3                                                                . The g-and depressions not exceeding the largest amplitude of Å} 1.0 eA

value for the secondary extinction correction was 5.1(6) x 103. The final

values of the positional parameters are shown in Table 2-2. The inter-

atomic distances and bond angles are presented in Table 2-3 and 2-4,

respectively. ..

2-2-4 Discussion'

       The refined parameters of lanthanum hexaaluminate correspond to a

magnetoplumbite structure. Dexpert-Ghys gt a,1;.( 1982)considered the

structure to be made up of a mixture of beta-alumina-like and magneto-

plumbite-like unit cells, the ratio of which depends on the composition.

In the present study, difference Fourier maps at various stages did not

give any indications of the additional electron density at the 2c site

( 1/3,2!3,1/4 ) which could be expected if there were beta--alumina-like

cells. The final synthesis showed a difference electron density of about
-O.5 eA-3 at the 2c site. Thus, there is no possibility for beta-alumina-

like cells to exist in the present specimen.

       An interesting feature in the refined structure is the coordination

of the Al(5) ions. For other hexaaluminates with magnetop!umbite struc--
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ture, this Al ion is known to be sÅ}tuated at the 2b ( O, O, 1/4 ) site and

5-coordinated. In the course of the refinement, the isotropic temperature

factor of Al(5) at the 2b site became anomalously large as mentioned in

the preceeding section. The difference Fourier map at that stage also

indicated an elongated electron density in the c-direction. When Al(5)

was split into 4e sites ( O, O, O.24 ) with 50% occupation for each, the

R-value dropped significantly in the subsequent refinements, finally

giving a value of z=O.240 with a reasonable isotropic temperature factor

of O.57. According!y, Al(5) was split and placed into the 4e sites in the

subsequent refinements. Al(5) can thus be considered as "distorted 4-

coordinated". In addition to the above descrÅ}bed treatment, a refinement

was tried on the assumption that the Al ions were distributed among the 4e

and 2b sites. The occupation ratio Al(4e)/Al(2b) of 4.0 was obtained as

the result. This model was not, however, adopted in the further refine-

ment because no improvement of the R-value could be seen. In other hexa-

aluminates and hexaferrÅ}te of magnetoplumbite type, strong anisotropy of

Al(5) or Fe(5) was observed and discussed( !2..g., Obradors g!ti. g,IL., 1985 ).

       One of the interesting problems on lanthanum hexaaluminate is the

cause of nonstoichiometry or its charge compensation mechanism. As La and

Al ions have the sarne +3 charge, the occupation factor of la and Al ions

cannot be fixed, aJ2It:Lg!zELr . Thus, structure model must be sought to

explain the nonstoichiometric nature of the composition. In the structure

of beta-aluminas containing monovalent cations, part of Al(1) was supposed

to be migrated in a pair to form interstitial Al ions which were bridged

by an interstitial oxygen in the mirror plane( Roth ect. Nl..,1977 ).

Similar interstittal Al ions could be detected in lanthanum hexaaluminate.

The difference Fourier map corresponding to an R-value of O.049 showed a
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small amount of excess electron density as described in the refinement

section. To assure that an interstitial Al ion is formed by the same

Frenkel defect mechanism as was found in beta-aluminas, the occupation

factors of all Al ions including interstitial Al were varied with the

scale factor being fixed. As a result only the occupation factor of Al(1)

decreased beyond the e.s.d. When the interstitial Al was incorporated as

Al(6) with occupancy of Al(1) being varied, a significant reduction of the

R-value could be observed and the defect' number of Al(1) could be con-

cluded to be almost equal to the number of Al(6) in a unit cell within

experimental uncertainty. Accordingly it was postulated that interstitial

Al ions were migrated from Al(1) according to the Frenkel defect mecha-

nism. To examine whether there are other defects, all occupation factors

were varied with the other parameters being fixed, but no reduction of

occupancy was observed. So, the interstitial Al ions were supposed to be

the clue to understand the nonstoichiometry of the non-doped lanthanum

hexaaluminate.

       For the coordination of interstitial Al, there appear to be two

possibilities. First, a defect of La takes place to avoid the cation-

cation interaction between La and interstitial Ai(6) ( about 2.1 A ) and

the !arge cation site ( BR site ) becomes vacant. !n this case an inter-

stitial Al square piramid is formed ( Fig.2-la ). The defect structure of

this type is referred to as "vacancy model" in the present thesis.

Second, a La ion at the BR site is replaced by an interstitial oxygen and

an interstitial Al octahedron is formed. This model resembles that of

Stevels( !979 ). This model is referred to as "Oi model." As the exis-

tence of interstitial O cannot be determined directly by X-ray diffraction

method owing to the very large difference in the scattering power between

                                      '
                         '
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la and oxygen, both models are to be considered in the following discus-

 .slon.

       Besides the coordination of interstitial Al, we assumed two types

of Ali -- Ali( i: interstitial ) relation depending on whether interstitial

Al ions are migrated in a pair or not as shown in Fig.2-1. According to

Type 1 ( Fig.2--la ), interstitial Al ions are formed singly and an inter-

stitial Al polyhedron ( Al octahedron in "Oi model," and Al square piramid

in "vacancy model") shares an edge with an Al(5) tetrahedron. In this

case, for charge compensation, the defects of Al(5) are only randomly

distributed among the Al(5) ions which do not share edges with intersti--

tial Al polyhedra. On the other hand, interstitial Al ions in a pair form

the bridge between two spinel blocks in type 2 ( Fig.2-lb ). In this case

the Al(5) site in the vicinity of interstitial Al ions would be vacant

because an Al(5) tetrahedron would avoid sharing a face with an Al(6)

polyhedron. Consequently simultaneous defects of La and Al(5) would occur

by a pairwise migration of interstitial Al. The result of refinement

shows that the number of La per unit cell is almost equal to that of

Al(5), and that the number of Al(6) per unit cell is twice that of the La

defects.( Table 2-2 ). These can be better explained by the interstitial

Al formation of the type 2, so the type 2 structure, in which interstitial

Al ions exist in a pair, was chosen for the subsequent considerations,

though more evidences would be needed to confirrn this defect model.

       As discussed above, interstÅ}tial Al(6) ions cannot coexist with La

and Al(5) in the same mirror plane of a single unit cell. On the basis of

these considerations, we assumed two types of half unit cell having a

spinel block and a mirror plane as the main constituent of lanthanum

hexaaluminate, as shown in Figs.2-2a and b: One contains a La ion and has
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the composition of "LaAl1201g" with the charge +1; (a) the other contains,

in the case of "vacancy model," La and Al(5) defect due to interstitial

Al(6), with composition of "AlnOlg" having charge -5, and (b) in the case

of "Oi model," the other contains an interstitial oxygen in addition, with

composition of "OAIllOlg" having the charge -7. In "vacancy model," the

ratio of the half unit cells should be 5 to 1 in order to attain the

charge balance and the resulting chemical forrnula would be Lao.s33

Aln.s3301g.o, where the molar ratio of AllLa is 14.2. 0n the other hand,

in "oi model," the ratio should be 7 to 1 and Lao.s7sAln.s7sOlg.12s'

where Al!La = 13.57, can be obtained as the formula. The chemical

formulas and the number of atoms in a unit cell at La, Al(1), Al(5), and

Al(6) sites for two models are presented in Table 2-5 together with the

result of the final refinement for comparison.

      In conclusion, because the results of the refinement and chernical

analysis are more consistent with the "vacancy model" than the "Oi model,"

the structure model based on the "vacancy model" is preferable for explai-

ning the nonstoichiomet.ry of lanthanum hexaaluminate. The mechanism of

narrow solid solution range still remains unclarified.

2-3 EC,E-!E!Ea,!,r t1StructuregfNNggs!)c!gE!ugLdm Hexaaluminate

      In the previous section 2-2, La hexaaluminate ( La                                                                O.827
Alu.gOlg.og) was revealed to have a magnetoplumbite structure with the

Frenkel defects of Al ions. Here, Nd hexaalumÅ}nate, containing a smaller

rare-earth element, is compared with the hexaaluminate containing the
                       +3                          by using single-crystal X-ray structure data.Iargest rare-earth ion La
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2-3-1 Ex erimental and Results

       Before conducting the single-crystal growth, melting nature of Nd

hexaaluminate was examined. A molten zone with composition of Nd203'

11A1203 was made between sintered rods in the FZ apparatus with a xenon

arc lamp as the heat source, and the rods were pulled apart gradually with

slow cooling according to the SCFZ method ( Shindo, 1980 ). A longitudi-

nal section of the solidified specimen was examined by EPMA, which

revealed successive' segregation of Al203, Nd hexaaluminate, and eutectic

lamellae composed of Nd hexaaluminate and NdAI03. This fact indicates the

incongruent melting nature of Nd hexaaluminate, which is in agreement with

the result of Mizuno et al.( 1977 ).
                    --
       The single crystal growth of Nd hexaaluminate by the FZ method was

not very successful. The boule still contained small amount of A1203 and

NdAIO        besides the single-crystal grain of Nd hexaaluminate. The molar     3
ratio of Al/Nd in the clear crystalline part ( pale purple ) was deter-

mined by EPMA to be 13.3. Several specimens from these boules were

examined by Laue and precession methods. The structure belongs to the

hexagonal space group P63/mmc. The electron diffraction patterns showed

no sign of superstructure. usingao.nxo.o7x o.o7 rnm3 crystai,

intensity data were collected on an automatic four-circle diffractometer

using graphite monochromatized MoKa radiation. The final set of 422 non-

zero independent reflections below 2e = 1!50 were corrected for Lorenz

polarization and absorption effects. The neutral scattering factors were

taken from the I.T.( Vol.IV ). The lattice parameters were a=5.553(2)A,

and c=21.990(7)A. The structural refinement procedure was almost the same

as that of La hexaaluminate. The refinement without an extÅ}nction correc-

tion met with failure. When an isotropic type I secondary extinction
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correction was applied, the refinement with anisotropic ternperature

factors was accomplished successfully, yielding R=O.046 and wR=O.058,

where w=1.0. As anisotropy of extinction was observed, the anisotropic

refinement incorporating a constrained anisotropic extinction correction

was accomplished to give a final R-value of O.044 ( wR=O.047 ). The

difference Fourier synthesis at this stage is practically featureless with

                    -3a minimum of -1.4 eA at ( O,O,e.03 ). The other peaks or depressions
                -3                   in amplitude. The final parameters are given in Tableare below 1.0 eA

2-6. The bond lengths and angles are presented in Tables 2-7 and 8,

respectively.

2-3-2 Discussion

       The fÅ}nal parameters correspond to a magnetoplumbÅ}te structure as

in the case of La hexaaluminate. Furthermore, the interstitial Al ion as

described in La hexaaluminate was also detected in the difference Fourier

sections at (x, 2x, z ) with x=O.83 and z=O.18, O.19. It was assigned as

Al(6) in the refinement.. In the previous section 2-2, the structure of La

hexaaluminate was assumed to be mainly made up of two types of half unit

cells with dimension 112 c: one has a La ion and contains no defects, the

other has an interstitial Al(6) migrated from Al(1), a vacancy at the BR

site instead of a La ion, and a defect of Al(5) at the 4e site. The

former has the composition of "LaAl1201g", and the latter "AlllOlg"•

These nonneutral half cells were supposed to cause the nonstoichiometry of

la hexaaluminate. As shown in Table 2-9, the occupancy of Nd hexaalumi-

nate Å}s quite similar to that of La hexaaluminate, which leads to the

conclusion that the mechanism of nonstoichiometry in Nd hexaaluminate is

the same as that of La hexaaluminate.
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Formula

Symmetry

Space group

          a

          c

          v

          z

      D       obs

:

:

:

  Lao.s27Ain.gOzg.og

  hexaaonal      u
  P63/mmc
         e5.561(2) A
         o22.07(1) A
591.o(4) A3

2

        -34.X7 gcrn

Tab1e 2-1. Crystallographic data of La hexaaluminate.
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Posztion

  THE

Nurul er

  unit

POS:MONIve AND

 Per
 cell x

THERMAL

z

PARAMETERScr

Bllxlo4 322xlo4 B33xLo5 B23xLo5 B

La (1)

La (2)

2 (d)

6 (h)

o.

o.

98{2i)

69(2X)

  2/3
O.718(7)

i14

ll4

 64(Sl)

100 (48)

  BLL

115(139)

23 C5)

37(iO).

o

o

Al (1)

Al(2)

Al(3)

Al (4)

Ai(5)

Al {6)

12(k)

 4(f)

 4Cf)

 2(a}

 4 (e)

12(k)

11.

4

4

 2

 1.

 o.

O(2)

70{7)

S8(8)

O.S310(4)

  113

  113

  o
  o
O.839(7)

o.

o.

o.

o.

o.

10772(8)

0271 (2)

1899 (2)

 o

2389 <4)

IS6(2}

47(.8)

S9(11)

S2(11)

34(14)

58(29)

SO(111

 Bn
 Bll

 Bll

 Bll

l8 C3)

i7(S)

16 C5)

14 C7)

51C21)

-ll(26)

  o

  o

  o

  o

O.47

OCI)

O(2)

O(.3)

O(4)

O(5)

L2(k)

12(k)

 4(f)

 4 (e)

 6 (h)

i2

12

 4

 4'

 6

O.IS61C7)
6.so23c7)

  213

  o
O.178(1)

o.

o.

o.

o.

0518 (2)

1501<2)

05 53 (4)

1481 C4)

1!4

 86 C17 ).

 Si(IS)

 57 (26 ).

 29(23}

116(26)

 49(25)

 69(22)

  311

  B1L

126(46)

26 CS)

20(5)

47 C14)

36(14)

22C8)

39 C4S)

53 (.44}

o

o

 o

a  The
  312

therraal pararneters
a 112 B22 ; S13 =

 are of the
112 B23

forrza : exp [- (h 23n+ k2B22+ 12s33+ 2hkS12+ 2hiB13+ 2klB23)].

Tab1e 2-2. The positional and thermal parameters of La hexaaluminate.
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Numberof bonds          edistance (A)

Octahedral

  Al (l) -

        .

  Al (3) -

   Al {4) -

Tetrahedral

   Al (2) -

Polyhedron

   Al {5) --

   AZ (6) -•

        .
Polyhedron

   La (1) -

        .

coerdination

O(1)

O(2)

O(3} •

O(4}

O(2)

O(5}

O(1)

 coordination

O(1}

O(3)

S-coordinated

O(4)

O(4)t

O(5)

O(2)

O(4)

O(5}

12-coordinated

O(2)

O<5)

2

2

1

1

3

3

6

3

1

1

1

3

2

1

2

6

6

l

l

z

l

1

2

l

1

1

2

2

1

l

1

2

2

2

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

996 (6)

839(6)

960(6)

856 (6)

8SO (7)

OOO (8)

889 (6)

792(7)

819 (10)

O04 (13)

494 (13)

732(iO)

81(4)

76(2}

16{4)

714{S)

783(8)

Table 2-3. Interatomic distances of La
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Bond angles COI

Octahedral coordination

  O(.1) - Ai Cll - OU.). '

  O(Z) - AI C:1 - OC2)
  oa) - Aia} - 6(.3),

  O(1) - Al(1) - O<4)

  O(2) - Al<l) - O(3)

  O(2} - AI CI) - O(4)

  O(2) - Al(3) - o(2}t

  O(2) - Ai C3} - OCS).

  O(S) - Al(3) - O{5)'

  O(1) - Al(4) - O(.1)'

  O<.1) - Al(4) - O<1)"

Tetrahedral coordinatÅ}on

  -O{1) - AI C2) - O(1),

  O(l) - AIC2) - OC3)

Polyhedron 5•-coordinated

  O(5) -- AI C5} - O(.4)'

  O(5) - Al(5)'- OC4}

  O(5) - Al(5) - OC5)e

  O(2) - Ai (6> - O C4 }.

   O(2) - AIC61 -- O(5)

   O(.4) - Ai C6 j. - O(5)

 81

 9Q

 89

 84

 87

 97

 99

 89

 80

 87

 92

111

!07

 98

 81

ll8

I02

 85

 9i

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

43 (.371

97 C291

4i C251

95 C28 ).

3O C.311

64 (25 ).

30 (25).

19 (.3 O )-

79 C.3ZL

16 C24 }.

84C24).

17 C19i

7i (.2O1

l3 (.29 ).

87 (.291

03(141

4(20)

4(161

6 (10)

Tab1e 2-4. Bond angles of la hexaaluminate.
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Tnenumberofatorns perunitcell
'

La Al(1) AL(5)Ai{6)
AllLa

(inrnole) Chemicalformula

Resultof
refinernent

"vacancyrnodel"

"Oimodel"
-Chendealanaiysis

l.67ll
i.667ll
l.750il

.O(2)

.333

.500

1.70(7)O.58(8)

1.667O.667
l.7SOO.500

13.9(4)

l4.2

13.6

14.4

d Charge balance is not attained.

Table 2-5. Comparison of the site

for La hexaaluntnate.

occupancy and formula
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         Number
Position unit

Per
celi x z      4BllxlO      4B22xiO      5B33xlO B2'3xlo5 B

Nd (1)

Nd(2)

2 (d}

6 (h)

1.

o.

02{5)

63(5)

  213
O.728(2}

114

l!4

86(16)

47{20)

  Bll

128(54)

28{2)

15(4)

o

o

Al C1)

AiC2)

Al (3)

Al(4)

Al (5)

Al (6)

12(k)

 4(f}

 4 <f)

 2(a)

 4(e)

12(k}

11.

 4

 4

 2

 l.

 o.

1(1)

62 (6)

70 (7)

o.

o.

8311C3)

 113

 1/3

 o

 o

847(5)

o.

o.

o.

o.

o.

10808(6)

0268(Z}

1902 (1)

 o

2396<4}

185 <1)

30{6)

33{7)

33(8)

37(ll)

56(24}

14(8)

 BZi

 Bll

 BiZ

 BII

18(2)

14C3)

11(3)

i3(5)

45(15)

6{17)

 o

 o

o

 o

O.51

O(1)t

O(2)

O(3)

O(4)

O(5)

i2(k)

l2(k)

 4 (f)

 4(e}

 6 (h}

12

l2

 4

 4

6

O.IS59{6)

O.5046(6)

   213

   o

O.1809{9)

O.OS23(2}

O.1507(2)

O.054B(3)

O.1488(3)

  1!4

 59(12}

 36(11)

 3Z(15)

 22(16)

158(23)

60(!8)

29(16>

 Bll

 Bll

48(31>

31(4)

24<4)

21 (7)

30(9)

31(6)

-25(31)

- 3(30)

  o
   o

   o

a The

 Bl2

thermal parameters

= 1/2 B22 ; B13 =

are of the iorm

1/2 B23

        2: exp{-<h Bll+ k2B22+ l2B33+ 2hkB12+ 2hlB13+ 2klB23)].

Table 2-6. The positional and therrnal parameters of Nd hexaaluminate.
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INTERATOMICDrSTANCES

Number of bonds

Distance

  (A)

Al(1)

Al(3)

Al(4)

O(1)

O(2)

O(3)

O(4)

O(2)

O(5)

O(1)

Octahedral coordination
2

2

1

1

3

3

6

1

1

1

1

1

1

1

.

.

.

.

.

.

.

989(6)

829(4)

968(5)

855(4)

862(6)

969(7)

890(5)

Al(2) O(1)

O(3)

Tetrahedral coordination
3

!

1

1

.

.

796(6)

794(7)

Al(5)

Al(6)

Nd(1)

O(4)

O(4)'

O(5)

O(2)

O(4)

O(5)

O(2)

O(5)

Polyhedron

Polyhedron

 5-•coordinated

  1

  1

  3

  2

  1

  2

12-coordinated

  6

  6

1

2

1

1

1

2

2

2

.

.

.

.

.

.

.

.

997(11)

454(11)

7S5(9)

82(5)

67(4)

16(4)

683(5)

780(7)

Tab1e 2-7. Interatomic distances of Nd hexaaluminate.
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BONDANGLES

Bond

   (

angles
o)

O(1) -

O(2) -

O(2) -

O(5)

O(1)

Al(1)

Al(1)

Al(3)

Al(3)

Al(4)

-

-

   Octahedral

O(1)t

O(2)

O(3)

O(4)

O(3)

O(4)

O(2)'

O(5)

O(5)t

O(1)'

O(1)"

coordination

 81.S2(32)

 91.55(25)

 89.21(21)

 84.98(26)

 87.28(17)

 97.86(19)

100.00(20)

 88.98(27)

 80.29(26)

 86.81(22)

 93.19(22) "'

O(1) d. Al(2)

   Tetrahedral

O(1)'

O(3)

coordination

110.72(15)

108.19(16)

O(5) -

O(2) -

O(4) -

Al(S)

Al(6)

Al(6)

   Polyhedron

O(4)

O(4)t

O(5)'

O(4)

O(5)

O(5)

S-coordinated

 97.49(29)

 82.51(29)

118.33(13)

105.4(13)

 84.4(14)

 94.0(25)

Tab1e 2-8. Bond angles of Nd hexaaluminate.
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Atom Position Number per unit cell

La-hexA12O3 Nd-hexAi203

M(i)

M(2)

Al(1)

Ai (5)

Al(6)

 2 (d)

 6 (h)

12 <.k)

 4(e)

i2(k)

 O.98(21)

 O.69(21)

ll.O(2)

 1.70(7>

 O.58 (.8>

 1.02(5)

 O.63(5)

11.1 Ci)

 l.62(6>

 O.70(7)

Tab1e 2-9. Comparison of the

Nd hexaaluminate

 site

and La

occupancy between

 hexaaluminate.
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3. HEXAALUM!NATESCONTArNINGLARGEDIVALENTCATIONS

3-1 Introduction

      The hexagonal aluminates containing divalent cations such as Ca and

Sr were revealed to have a magnetoplumbite structure with a formula

MAI1201g, where M= Ca, Sr, by the X-ray structure analysis ( Kato &

Saalfeld, !968; Lindop gtL A,1;., 1975 ). Only a few reports were published

on those containing larger divalent cations such as Pb and Ba, and the

detail of the structure is still unknown. As for Pb ion, only X-ray powder

diffraction data and electron diffraction data have published on Pb hexa-

aluminate ( Comer gLt zl.,1967 ). Judging from its chemical composition

they determined, it appears that its structure is of a magnetoplumbite

type.

       On the other hand, barium hexaaluminate has more complex problems.

"BarÅ}um hexaaluminate" was first described by Toropov( !935 ) as having an

ideal forrnula BaO.6A1203 or BaAl1201g, and has been considered to be a

single compound with the magnetoplumbite structure( s.g. Wyckoff, 1965 ),

similar to other hexaaluminates containing divalent cations. Recently,

however, data contradictory to these concepts began to be published by

several researchers. Haberey gtL g,IL.( 1977 ) reported for the first time

the existence of two distinct phases having compositions close to that of

so-called barium hexaaluminate, and expressed them as BaO'4.6A1203 and
                                            'BaO'6.6A1203. Kimura gt atl,..( 1982) confirmed their results and referred

to Ba--poor ( O.82BaO•6A1203 ) and Ba-rich ( 1.32BaO'6A1203 ) phases.as

phase I and phase II, respectively( Fig.3-l ). On the other hand, Stevels

( 1978 ), who did not distinguish phase I and phase II, introduced the
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formula Bal..Allo+2/3 + 4.13 O17+.( -O.2sxSO.35 ), the composition of

which covers the range from phase I to phase II. Other formulae postu-

lated were as follows: Mateika and Lauden( 1979 ) used Ba                                                                     o                                                          Al                                                             12 + 2x13                                                                      19                                                        1-x

as the formula ( O.ISxSO.19 ) for phase I, and Bartels et al.( 1979 )

introduced BaAlllO17.s and BaAl1201g for two phases. These formulae were

deduced only from hypothetical structural models. The discrepancies seem

to have been caused by the lack of crystallographic data for the com-

pounds. Morgan & Shaw( 1983)and Yamamoto&O'Keeffe( l984 ) also

observed the two phase by electron microscope, but they did not clarified

the formulae.

       Neither the formulae nor the structures and symmetries are as yet

established. The symmetry of "barium hexaaluminate" was generally accep-

ted as he.xagonal, but Haberey gJtLg,IL.( 1977 ) suggested that phase I
          i
exibited monoclinic ( pseudo-hexagonal ) symmetry. On the other hand,

Stevels( 1978 ) suggested the presence of a superstructure in Bal-x

Allo+2/3+4x13017+x• They assumed the superstructure to have a volume

threefold that of a magnetoplumbite type subcell, but the relation between

the superstructure and the subcell was not made clear.

       In section 3-2, the structure of Pb hexaaluminate is shown to be a

magnetoplumbite type. Section 3-3 deals with the crystallographic data of

barium hexaaluminate phase ! and phase I!, which are presented to show the

existence of two distinct compounds; phase I and phase II. The crystal

structure of barium hexaaluminate phase I and phase II are described in

sections 3-4 and 3-5, respectively. The final section of this chapter

contains structural parameters of Mg-doped barium hexaaluminate, ideally

having the formula BaMgAlloO17, which was revealed to haveabeta-alumina

structure as Stevels & Verstegen( 1976 ) have predicted.

-39-



3-2 EC,t!zzE!Eg,E.t 1 Structure g!f!. Lead Hexaaluminate

3-2-1 Refinement and Results •
       The single crystals were grown by the flux evapolation method

( Takekawa, 1984 ), in which PbO was evapolated frorn PbO-A1203 mixture at

13000C for two days. They were very brittle and the crystallinity was not

good. Among them, some specimens were chosen, and a crystal of good shape

and quality was selected. The precession photographs revealed that the

structure belongs to the hexagonal space group P63/mmc, and showed no sign

of superstructure. using a o.16 x o.16 x o.o6 mm3 crystal, intensity data

were collected on the automatic four-circle diffractometer using graphite

monochromatized MoK radiation. The final set of 546 non-zero independent

reflections below 2e= 1200 were corrected for Lorenz polarization and

absorption effects. Since the linear absorption coefficient was as large

           -1as " =156 cm , absorption corrections were applied. The neutral scat-

tering factors were taken from the I.T.( Vol.!V ). The lattice parameters

were determined to be a = 5.5711(3)A, and c = 22.045(2)A by using 2e-data

collected on the four-circle difEractometer.

      The refinement was not successful due to large absorption effect,

but an anisotropic refinement gave a final R-value of O.043 ( wR=O.054,

w=1.0 ). The difference Fourier synthesis at this stage showed peaks and

                                     -3depressions in the range of -2 to +8 eA . The final parameters are given

in Table 3-1. The bond lengths are presented in Table 3-2, and the angles

are in Table 3-3. The obtained parameters clearly shows the structure to

be of a magnetoplumbite type.

3-3 iC,lxEJIassgg!:g2axt11 hgLfBarÅ}umHexaaluminatepRhasss!e.1and.ILt
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3-3-i !Eli2y2gzEi,!gg!!9alLti

       Phase I. Phase I was grown by the FZ method at a rate of 1 mm/hr

using a xenon arc lamp as the heat source. Air was chosen for the atmo-

sphere during growth and a heat reservoir made of alumina was used in the

same rnanner as already reported by Kitamura g!tL g,IL.( 1982 ). The starting

rnaterials were BaC03 and A1203 ( O.85 : 6.0 in molar ratio ), which were

mixed and sintered in an usual manner. The grown crystal was 7 mm in

diameter and 5 cm in length. It was for the most part transparent and

clear without visual imperfections, except for some cracks, of which clear

parts without inclusions were se!ected and examined.

       Phase II. For the growth of phase II, the PbO-PbF2 flux ( 1:1 in

molar ratio ) was chosen as a solvent. The flux containing a proper

amount of raw material was heated to 12000C and cooled to 700 OC at a

constant rate. After such treatment, tiny colummar crystals up to O.2 x

O.2 x O.3 rnm were obtained, which were clear and transparent but contained

small particle-like inclusions near one end of the crystal. Crystalline

parts containing inclusions were cut off with a razor blade, and the

remaining clear crystals without visual imperfections were used for the

examination. In this section 3-3, the specimen thus prepared is referred

to as BaPb-phase II.

       Flux-free phase Il was obtained by the FZ method using BaC03 and

A1203 ( 3.12 : 6.0 in molar ratio ) as starting materials. The boule so

obtained was a mixture of BaA1204 and phase II, the grain size of which

was about 20 sL or less. This specimen is referred to as Ba-phase rl in

this section.

       E!ectron diffraction patterns were taken by a high voltage electroR

microscope ( Hitachi-1250 ), operated at an accelerating voltage of 1 MV.
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The powder X-ray diffraction measurements were carried out by a Phillips

diffractometer using aluminum powder ( #300 ) as the internal standard

material, and lattice parameters were calculated by the least-squares

computer program. The precession photographs were taken by using 40 kV x

20 mA MoK(r radiation. The density of phase I was rneasured by the method

of Archimedes. For BaPb-phase 1!, the density was measured by the flota-

tion method using a heavy aqueous solution of a mixture of thallous

formate and malonate, the density of which was determined separately. By

means of EPMA, the chemica! compositions of the specimens were determined,

using A1203, BaA1204, and PbTi03 crystals as standards for Al, Ba, and Pb,

respectively.

       The growth conditions of barium hexaaluminate are reported by

Takekawa in the NIRIM report( 1983 ).

3-3-2 Result and Discussion

       Phase I. Figures 3-2a, b, and c show electron diffraction patterns

taken on FZ-grown crystal fragments, in which the incident electron beam

was normal to the (OOI),(100), and (110) planes, respectively. By tilting

the crystal around the c-axis to avoid the forbidden reflections due to

multiple diffraction, the extinction rule of phase I was obtained, which

was consistent with the results of X-ray precession photographs. The

crystal has hexagonal symmetry and the systematic absent reflections were

]i=2n+1 ( n; i'nteger ) for OOL and hhl. The possible space groups are

therefore P62c, P63mc and P63/mmc. Since phase I has a structure similar

to beta-alumina or magnetop!umbite, it is reasonable to assurne that the

space group of phase I is P63/mmc. The lattice parameters were refined by

X--ray powder diffractions giving a = 5.587A and c = 22.72 A.
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       The density of the phase I crystal was 3.6S7 glcm3 and the molar

ratio of Al/Ba, determined by wet chemical ana!yais, was 14.7. The

formula of phase I was, therefore, calculated to be Bao.7sAln.oO17.2s,

with molar units Z=2. The formula of phase I thus obtained suggests a
closer relation to the beta--alumina ( Ml+AlllO17 ) structure than the

magnetoplumbite ( M2+Al1201g ), and implies that the large amount of Ba-

deficiency as well as interstitial oxygen, which achieve the charge

balance, are formed.

       The results of Haberey gtL g,1!,..( 1977 ) are different from ours both

as to diffraction data and as to the space group. They observed EL=2n+1 (

n;integer ) reflections for hhl; e-,.g., O05, O09, and OO.15, by precession

photograph and proposed that the symmetry was monoclinic (pseudohexagonal)

on the basis of the intensity distribution which was incompatible with

hexagonal symmetry. This discrepancy is probably due to their method of

sample preparation. They prepared the sample for X-ray diffraction by

cooling the melt of phaseIcomposition. As reported by Kimura gt a,1!..

(1982 ), phase I rnelts incongruently, so the solidification of the melt

having phase I composition leads to a mixture of A1203, phase I, BaA1204,

and phase II, which derives from the solid state reaction of phase I and

BaA1204. The sample, which Haberey s}!t; -1.( 1977 ) selected as a specimen

for X-ray diffraction, could have been such a mixed or inhomogeneous

crystal.

       Phase II. Ba-phase II and BaPb-phase II yielded the same electron

diffraction and X-ray powder diffraction patterns. The BaPb-phase II

crystals contained Pb ions, and the molar ratio of Ba:Pb:Al was determined

to be 1.0:O.25:11.2 by EPMA. On the other hand, the molar ratio of Ba:Al

                                                                2+for Ba-phase II was 1.0:8.8-8.9. These data indicate that Pb                                                                    sub-
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                      2+situtes for 20% of Ba ; these two specimens were confirmed to have the

same structure. The density, measured for BaPb-phase rl, ranged from 3.88

to 3.sgglcm3, which were averaged to give 3.8s4glcm3. The lattice para-

meters of Ba-phase II and BaPb-phase II were determined by X-ray powder

diffraction to be a=5.601 A, c=22.91 A and a=5.600 A, c=22.91 A, respec-

tively. The formu!a for the BaPb-phase II then, is calulated to be

(Bao.soPbo.2o)2.34A121.o033.s4• Since the molar ratio of(Ba + pb)/Al for

the BaPb-phase II and that of BalAl for the Ba-phase II are almost equal,

                                                   'the formula of the Ba-phase II can be written as Ba2.34A121.o033.s4• The

crystallographic data of Ba-phase rl are listed in Table 3-4.

       Figure 3-3 shows the electron diffraction patterns of Ba-phase U.

The indexed spots are the fundamental reflections of the beta-aluminta

type subcell. In the diffraction pattern (a), taken with the incident

electron beam normal to the (OOI) plane, some weak extra spots are

observed. They are situated at !L=rn13 and 2s=n/3, where m and n are

integers. In the diffraction pattern (b), taken with the incident beam

norrnal to the (100) plane, continuous extra reflections elongated along
      cethe c direction are also observed, while in (c), taken normal to the

(110) plane, no extra spots are present. Such streaks were generally

observed for the specimens of phase ll. The diffuse reflections also

appear in the powder diffraction patterns as broad reflections in the

range of 28 to 31e for 2e values. These results suggest the presence of

an aVi37 x aVi3T superstructure. The lattice relationships between the beta-

alumina-type subcell and the supercell are Al=al--a2, A2=al+2a2, and

C=nco(n;integer), where Al, A2, and C are lattice vectors for the super-

cell, and al, a2, and co, for the subcell.( FiR.3--4 ). The c axis length

of the supercell is not well defined because the extra reflections are
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                      ceelongated along the c direction as continuous streaks. If the c axis

length is equal to the subcell, the superstructure cell volume will be

threefold that of the subcell, as reported by Stevels ( 1978 ).

       In addition to the presence of a superstructure, it should be

pointed out that the fundamental odd number reflections such as EL=2n+1 (

n;jntegers ) for OOIL and hhl are present, as observed in Fig.3-3b and c.

This was also confirmed by the X-ray precession photographs. As a 6 axis

was observed by means of the convergent beam electron diffractÅ}on( CBED )

( Bando, 1984 ), the reasonable space group is P6 or P6m2. A discussion is

also given in the sectÅ}on 3-5. An interesting imperfection in phase II

crystals was observed by the 1-rvlV electron microscope. Figure 3-5 shows

an electron micrograph of the phase II crystal from a very thin part of

the crystal region. The incident electron beam was parallel to the [100]

direction of the subcell. It is clear that the crystal is not perfect and

there appeares to be "anti-phase boundaries( APB )" with the displacement

vector of 1/2c. The size of antiphase domains varies from specimen to

specimen. The problem of "APB" defect is to be treated in detail in the

section 3-5.

3-4 iC,t!zE!ig2,r stal Structure g!fL Barium Hexaaluminate Phase !L

       Barium hexaaluminate phase I and phase II were shown to have the

composition of Bao.7sAln.oO17.2s and Ba2.34Ai2i.o033.s3, respectiveiy•

It was also suggested on the basis of the electron diffraction and crys-

tallographic data that these were essentially of a beta-alumina structure.

As yet, no refinement of the crystal structure has been made, so the
    '
detailed structure and the charge compensation mechanism for nonstoichio-
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metry are not clearly determined.
  '
       In this section, 'the structure determination of barium hexa-

aluminate phase I by using the single-crystal X-ray reflection data is

described and a charge cornpensation mechanism for nonstoichiometry is

proposed on the basis of the refined parameters. After our work( Iyi gt

A,1!,., 1984 ) was published, van Berkel stt A,IL.( 1984 ) reported the crystal

structure of this compound independently. Their results and structure

model are essentially the same as ours.

3-4--i IE!2spgz2,!ugg9glLti

       Several spherical specimens were prepared from the single crystal

which was grown by the FZ method. After examination by precession photo-

graphs, a spherical specimen of radÅ}us 92 um was used for the data collec-

tion. The intensities were measured below 2e=1200, using the computer-

controlled four-circle diffractometer with monochromated MoKa radiation.

A set of standard reflections (107), (220), and (OO,10) was measured every

50 reflections. The 836 independent non-zero reflections were corrected

for Lorenz-polarization effects. The absorption factor for the chosen

sample was uR = O.335, and the data were corrected for this effect. Atomic

scattering factors were taken frorn the 1.T.(Vol. IV) and the values for

the anomalous dispersion corrections for Ba were from the same reference

( Vol. III ). The lattice pararneters are refined using 2e-data of 20

reflections collected on the four-circle diffractometer. The refined

lattice parameters are slightly diferent from those obtaÅ}ned by using

powder diffraction data. Crystallographic data are shown in Table 3-5.

3-4-2 Refinement
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       In the section 3-3, barium hexaaluminate phase I was considered to

be of a beta-alumina structure. For Fourier and difference Fourier

syntheses, the positional parameters of Al(1)to Al(4) and O(1)to O(5) were

chosen from the structure of K beta-alumina ( Collin et al.,1977 ), and
                                                    --
the Ba ion was placed in the ideal BR site. The Fourier sections, which

corresponded to an R-value=O.318, revealed that main electron density

differeces occurred in the mirror plane (z=O.25). The barium site was

only partially occupied as anticipated from the formula Bao.7s

Aln.oO17.2s• No unusual electron density variations were observed in the

spinel block. Refinements were attempted on the occupation factor of Ba

in addition to the general temperature factor and positional pararneters,

which led to the convergence with an R-value=O.157. In the subsequnet

refinement individual isotropic temperature factors were introduced. At

this stage an R-factor of O.135 was obtained, but the isotropic tempera-

ture factor of oxygen at the 2c site ( 113, 213, 1/4 ) in the mirror plane

increased anomalously to 2.0 as compared to O.2-O.4 for the oxygen ions at

other sites. Further refinements based on this simple beta-alumina model

in which the Ba ion partially occupies the BR site turned out to be

unsatisfactory.

       Subsequent difference Fourier maps using the pararnenters correspon-

ding to an R-value of O.135 revealed that the electron density distri-

bution of Ba and oxygen in the mirror plane was distorted and triangular.

After splitting the Ba and oxygen sites into 6h, the next refinement of

general temperature factor, positional parameters, and the occupation

factors of ions in the ntrror plane resulted in an R-value of O.083.

Difference Fourier sections suggested additional electron density at the

2c site (z=O.25) and the 12k site near z=O.18. Electron density around
       '
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the 2c site could not be accounted for only by oxygen at the 6h site.

The oxygen in the mirror plane would be probably distributed between the

2c and 6h sites. On the other hand, the atom occupying the 12k site near

z=O.18 would be interstitial Al. The existence of interstitial Al was

already reported in some beta-alumina compounds by Roth gt A,1!..( 1977 ) and

Collin gtL g,l;.( !977 ). In the next refinement, occupation factors of

Al(1), interstitial Al(5), O(5) at the 2c site, and O(6) at the 6h site

were treated as additional variables. With a type I isotropic secondary

extinction correction and individual isotropic temperature factors, the R-

factor dropped to O.043. Subsequent anisotropic refinements led to

R=O.026 and wR=O.031, with unit weights. At this stage the difference

Fourier synthesis still showed small amount of excess electron density
(2.2 eA-3) at the 6h site (x,2x,1/4) with x=O.88. This was assumed to be

                                                       +1due to the interstitial oxygen as was already found in M                                                            beta-alumina.

With the interstitial oxygen as O(7), the last refinement with anomalous

dispersion corrections yielded final R=O.023 and wR=O.027, with unit
                                                               4weights. The g-value for the secondary extinction was 1.36(6)xlO . Final

difference electron maps showed random peaks and depression, not exceeding

                              -3                                . These final values of the positionalthe rnaximum amplitued of +1 eA

and thermal parameters are given in Table 3-6. The interatomic distances

and bound angles are presented in Tables 3-7 and 3-8, respectively.

3-4-3 Discussion

       The refined parameters of barium hexaaluminate phase I completely

corresponds to a beta-alumina structure in accordance with our assumption

in the previous section. Accordingly, from the structural point of view,

barium hexaaluminate phase I should be referred to as "barium beta-
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alumina." The reason for the beta-alumina structure in the case of this

                       2+ ..hexaaluminate with Ba ions, contrary.to the other hexaaluminates

containing divalent cations in the mirror plane, is probably because the

configuration of the intermediate layer in a beta-alumina structure

affords the more space for the larger Ba ion ( compared with other

divalent ions ) than that in a magnetoplurnbite structure, as pointed out

by Stevels et al.( 1976 ).

       It is well-known that, in M+1 beta-aluminas ( sl-,.g., Collin gtL g,IL•,

l977 ), the monovalent cation distributes among the BR, aBR, and mO sites,

with the ratio of distribution depending on the species of the large

cation. In the case of barium beta-alumina, however, Ro significant

electron density attributable to the Ba ion was detected at the aBR and mO

sites. The Ba ion was found to be confined to the area near the BR site

( Fig.3-6a).
                                     '
       Another point to be noted is the charge compensation mechanism for

nonstoichiometry in this beta-alumina containing a divalent cation of
  2+Ba . Difference Fourier maps clearly indicate additional maxima at the

12k site near z=O.18. The electron density section at z=O.l77 after

refinement is shown in Fig.3-6b. This site is consistent with the inter-

stitial Al site as pointed out by Roth gtL A,IL..( 1977 ). The observed site

occupancy of interstitial Al(5) is almost equal to the lack of Al(1),

which suggests that the Frenkel defect mechanism proposed by Roth ett.

A,IL•(14) and Collin s2!tL a,IL..(11) does operate in barium beta-alumina.

Furthermore, the difference Fourier at R=O.026 showed small amounts of

additional electron density at the 6h site( x, 2x, 1/4 ) with x=O.88.

These were attributed to the interstitial oxygen bridging a pair of inter-

stitial Al ions as already reported in M+1 beta-alumina. In fact, the
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incorporation of interstitial oxygen as O(7) in the refinement resulted in

the significant reduction of the R-factor, and after refinement the number

of interstitial Al(5) per unit cell turned out to be nearly twice that of

interstitial O(7). These results support the existence of intersitial

oxygen in the mirror plane and are wel! consistent with the defect

mechanism in which an interstitial oxygen bridges a pair of interstitial

Al, as shown in Fig.3-7b. According to this defect mechanism, the Al ions

do not directly participate in charge compensation because the number of

Al ions in a unit cell does not change. It is the interstitÅ}al oxygens

that compensate the extra charge due to Ba ions.

      On the basis of the atomic parameters and supposed defect mecha-

nism, a possible structure model for barium beta-alumina can be proposed.

A Ba ion is located near the BR site and an interstitial oxygen is placed

near the mO site. Simultaneous occupation by an interstitial oxygen and a

bariurn ion in the same mirror plane of a single cell is, however, unaccep-

table owing to the large ionic radii of both atoms compared with the

distance of 2.0 A between the Ba and O(7) sites. Accordingly two kinds of

half unit cells with 1/2c dimension, each of which contains one mirror

plane and one spinel block, can be supposed as shown in Figs.3-7a and b;

one contains a barium ion and has the composition of "BaAlllO17" with a

charge of +1, and the other contains an interstitial oxygen with the

defect of barium ion in the mirror plane due to Reidinger defect of Al

ions, the composition of which is "OAIIIO17" with a charge of -3. To

attain charge neutrality as a whole, the molar ratio of these two types of

half cell should be 3 to 1. Furthermore, lack of superstructure reflec-

tions suggests random distribution of the two kinds of half unit cell

throughout a crystal. Thus the formula of barium beta-alumina would be

                                -50--



necessarily Bao.7sAlll.oO17.2s• According to this structure model, it

follows that the number per unit cell of Ba, Al(1), Al(5), and O(7) are

1.5, ll.O, 1.0, and O.5, respectively. These values are consistent with

the results obtained by X-ray structure analysis ( Table 3-6 ). The

obtained formula is also supported by the wet chemical analysis.

3-5 IC,]:>LgJEg,Lt 1 Structure g!E Barium Lead Hexaaluminate Phase Lt

      From the chemical formula, electron diffraction data, and the

presence of an aVri; x aVE3Tsuperstructure, it was presumed that barium hexa-

alurninate phase II, referred to as barium beta(II)-alumina, would have a

beta-alumina-like structure with space group symmetry P6 or P6m2. A

preliminary structure model, in which the mirror planes alternately con-

sist of a fully occupied Ba-O layer and an excess Ba-O layer, was proposed

by us ( Iyi sJtE.A,IL.,1983 ). Later Zandvergen sl!tL g,IL.( 1984 ) found

"1.31BaO'6Ga203" to haye a similar structure by electron microscopic

observation and elaborated our model by considering plausible defect

mechanisms. But they presented no definite evidence for the model.

Though Morgan & Shaw( 1983 ) and Yamamoto & O'Keeffe( 1984 ) also observed

aV5- x aViii' superstructure for barium beta(II)--alumina, they clarÅ}fied

neither the chemical formula nor the basic structure type.

       To clarify the crystal structure, it is desirable to obtain single

crystals. For bariuin beta-alumina, single crystals were grown by the

floating zone(FZ) method. Though single crystals of barium beta(I!)-

alumina were not obtained by the same method, single crystal growth of

isostructural barium lead beta(II)-alumina was achieved from PbO-PbF2

                                 -51-



flux. About 207o of Ba was substituted by Pb ions in the yielded crystals.

       The present section deals with the crystal structure of barium lead

beta(II)-alumina revealed by X-ray single crystal diffraction; further-

more, the charge compensation rnechanism, the causes of the superstructure,

and the "APB" defect of barium beta(II)--alumina are discussed on the basis

of the refined parameters.

3-5-1 2Eli2s12g!2!ugg9gl.tl

       The specimens used for our structural investigation were taken from

flux-grown crystals of barium lead beta(II)-alumina. PbO--PbF2( 1:1 in
                                                                  '
molar ratio ) was used as the solvent and the crystal growth was accom-

plished under conditions already described. The chemical formula of the

resulting crystal was found to be (Bao.sPbo.2)2.34A121.o033.s4 bY USing

EPMA data, lattice parameters, and density. Electron ntcroscopy showed

that large crystals had a tendency to contain defects of "antiphase

boundary( APB )" with displacement vector 112c, which will be discussed in

the final section. These crystals were examined also by the precession
                                                                  eephotographs using MoKa radiation. Diffuseness perpendicular to c -axis

around (OO],) spots ( where 2=odd ) was observed for several large crystals

of O.2rnrn order, which may be due to "APB" defects. To avoid the "APB

defects," smaller crystals were chosen, and furthermore, a specimen with

clear (OOI.) ( where 2i=odd ) spots was selected for X-ray diffraction data

collection. The selected hexagonal prism crystal was of dimension O.05 x

O.05 x O.08 mm. A preliminary study of Bando( 1984 ) using the convergent

beam electron diffraction (CBED) method indicated the presence of 6 axis,

and suggested still two possibilities, either P6 or P6m2. So we accompli--

shed the refinement, at first, by assuming P6' symmetry, and then P51m2.
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       The intensities were measured only on the Bragg reflections below

2e=1200, using a computer-controlled four-circle diffractometer with mono-

chromated MoKa radiation. A set of (220),(114) and (205) reflections was

measured every 50 reflections as standard. The 596 independent nonzero

reflections were collected, and successively subjected to the Lorenz-

polarÅ}zation and absorption corrections. X-ray absorption corrections
                                                                        -1were conducted using the linear absorption coefficient of iz= 71.6 cm .

Scattering factors were taken from the I.T.( Vol.IV )( 1974 ) for neutral

atoms. The lattice parameters were refined using 2e-data of 19 reflections
                                                                      '                                              'measured on the four-circle diffractometer. For the similarity to a beta-

alumina structure, the nomenclature of the cation sites in the mirror

plane is after that of Peters gt a,1!,..( 1971 ). The crystallographic data

are shown in Table 3-9.

3-5--2 Refinemerit

       At first, the Fourier and difference Fourier syntheses were accom-

plished using centro-symrnetrical beta-alumina model with full occupancy of

Ba at the BR site because of the similarity of barium lead beta(II)-

alumina to a beta-alumina structure. The positional parameters were chosen

from those of barium beta-alumina. Coordinates were adjusted to space

group P5'  by moving the z=O.25 mirror plane of P63/mmc to z=O.O. R-value

was O.287 at this stage. Because the starting model is centro-symmetri-

cal, the resulting Fourier maps were also overlapped with their centro-

symrnetrical counterparts. These rnaps showed additiona! electron densities

at (2/3,1/3,O.24) and (O.8,O.2,O.07) and their centro-symmetrical posi-

tions. Furthermore, defects of Ba(1) at z=O.O and Ba(2) at z=O.5 were

indicated. As previously described, electron microscopy revealed the non-
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equivalency of Ba-O layers at z=O.O and at z=O.5, so the starting model

was modified by decreasing the occupancy of Ba(1) at z=O.O. By this

treatment, the model lost centrosymmetry and successive Fourier syntheses

indicated the addition of atoms at (2/3,113,O.24) and (O.85,O.l5,O.07)

more clearly. We assumed the former to be an inside-spinel Ba(and/or Pb)

ion and the latter to be an interstitial Al ion as was found in barium

beta-alumina. Xn addition, Al(1) at z=O.15 showed a little deficiency.

Using an overall temperature factor, the refinement was accomplished on

the modified model, with reduction of an R-value to O.141. At this stage,

difference Fourier maps still indicated another additional electron

density at (213,113,O.22), which we supposed to be another inside-spinel

large cation site. So we placed a Ba Å}on at this site with little

occupancy in the next refinement. The R-value dropped to O.101. The

difference Fourier synthesis at the R-value of O.101 still pointed out a

small shift froni the theoretical position of Ba(1) and Ba(2). The simul-

taneous change of coordinations and occupancies of Ba(1) and Ba(2) with

other parameters met with failure in the least-squares refinement because

of the high correlations between these parameters. So, the refinement was

attempted by changing only one or two of the pararneters at the same time,

while the other parameters remained fixed. After the addition of O(11),

which is bonded to the interstitial Al ion pair after the Reidinger defect

mechanism, individual isotropic temperature factors were introduced.

Because the difference Fourier maps still indicated the split of Al(5),

O(9) and O(10) atoms, the refinement with these splitting atoms was

further conducted step by step. Finally, all parameters were varied

simultaneously with an R-value of O.036 ( wR= O.040, w=1.0 ). At this

stage, an elongated electron density just below O(3) at z=O.108 was
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observed in the difference Fourier map, which we attributed to a partial

shift of O(3). After the addition of O(12) at the site just below O(3),

the final refinement with varying ail parameters converged to R=O.030(

wR=O.034, w=1.0 ). The final difference Fourier maps showed ramdom peaks

                                                                     -3and depressions not exceeding the range of -1.1 to + O.7 eA .

Anisotropic refinement was not attempted because there would be too many

parameters compared with the number of observed diffraction data. Since

the specimen contains about 209o Pb replacing Ba, the Pb ion should be

included in the refinement procedure. For the reason to be described in

the next section, Ba(4) was assumed to be the site where a large amount of

Pb was concentrated. After changing Ba(4) into Pb, the refinement gave a

total number of Ba and Pb as 2.27, which is in good agreement with the

value of 2.34 deduced from EPMA data, lattice parameters, and density.

The R-value did not change after these treatments.

       As previously rnentioned, there is another possibility of having

space group symmetry P57m2. The intensities hkl and khl were observed to

have almost the same value, and, furthermore, the result of P6 refinement

showed that the y--coordinates were almost twice those of x. These facts

indicate the space group P6m2, of higher syrnmetry. The isotropic refine-

ment using 432 Å}ndependent reflections resulted in R=O.030 ( wR=O.033,

w=1.o ) when adopting p67m2 symmetry. No significant change in the

coordinates and occupancies was observed, and also the R-value remained

almost unchanged. Accordingly we adopted Pl;lm2 as the space group

symmetry for barium beta(II)-alumina as weU as barium lead beta(II)-

alumina.

       The atomic coordinates are shown in Table 3-10. Tables 3-11 and --

12 contain the interatomic distances and the bond angles, respectively.
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3-5-3 Discussion

       In the previous section, the structure of barium beta(II)--alumina

was supposed to be essentially of a beta-alumina type on the basis of the

chemical formula Ba2.34A121.o033.s4. And, in the preliminary paper( Iyi

g!ti. g,IL..,1983 ), it was assumed that an "excess Ba-O layer" containing 1.33

Ba per mirror plane and a "fully occupied Ba-O layer" containing 1.0 Ba

would stack alternately, each separated by a spinel block. The model of

Zandvergen gt a,1;.( 1984 ) is essentially a variation of this model, though

a more elaborate one. Indeed the refined pararneters clearly indicate

isostructural barium lead beta(!I)-alumina to be of a beta-alumina struc-

ture, but the number of Ba ions in a mirror plane per single unit cell

does not exceed 1.0, which invalidates the concept of "excess Ba-O layer."

Instead, there are two types of mirror planes; i.e. a defect Ba-O layer

( z=O.O) and a fully occupied Ba-O layer( z=O.5 ). The latter layer

contains no defects or interstitials in its neighborhood. These layers

stack alternately being separated by a spinel block. Furthermore, excess

Ba(Pb) ions were found inside the spinel blocks. The existence of

"inside-spinel" sites seems to be very different from most other beta-

alumina compounds. Only a few cases of inside-spinel sites occupied by a

large cation have been reported( Roth, 1975; Anderson, 1981 ). For the

beta-gallate system, it was observed that excess Na+ in sodium beta-

                          3+                                                                +                            inside the spinel block, forming Nagallate substitutes for Ga                                                                   tetra-

hedrons( Anderson, l981 ). But this may not be the case with barium
                                                                       2+beta(II)-alumina or barium lead beta(II)-alumina as the radius of the Ba

ion(1.36A) or the Pb ion(1.18A)( Shannon & Prewitt, 1969 ) is very large

                             3+                                ion (O.53A) in the spinel block. So acompared with that of the Al

different mechanism might operate in this case. The peculiar defects of
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barium beta(II)-alumina described below afford a clue to the inside-spinel

site formation.
                                                 '
       ln barium beta-alumina, interstitial Al and oxygen ions due to the

Reidinger defects were observed. The same interstitial Al ion at z=O.07

and oxygen ion in the z=O.O mirror plane were found. The fact that the

number of atorns per unit cell of interstitial Al(8) at z=O.07 is almost

the same as the number of defect atoms at the Al(1) site( z=O.15 ) and

twice as many as that of interstitial O(11) in the mirror plane indicates

that the defect mechanism is of the Reidinger type. In barium beta-

alumina, the Reidinger defect occurs singly; in other words, only one of

three Al(1) sites( z=O.l5 ) becomes vacant with creatiofi of an intersti-

tial Al(8) according to the Frenkel defect mechanism and a pair of the

interstitial Al(8) ions was bridged by an interstitial oxygen in the

mirror plane ( Fig.3-8a ). These interstitials create a Ba vacancy in the

z=O.O mirror plane. Accordingly, the sum of the number of Ba and inter-

stitial oxygens for one mirror plane of a single unit cell becomes unity

in this case. On the other hand, in the case of barium lead beta(U)-

alumina, it sums up to about 1.68, which is significantly larger than 1.0.

Since Ba or Pb cannot coexist with interstitial Al and oxygen in the same

mirror plane of a single unit cell from the viewpoint of ionic radius, it

follows that the Reidinger defects should occur in rnultiple state in a

mirror plane at z = O.O of a single unit cell. On the assurnption that the

Reidinger defects occur triply, the occupancy of the atoms in the z=O.O

mirror plane can be explained well. We would like to refer to this type

of defect as "the triple Reidinger defects." As shown in Fig.3--8b, the

interstitial oxygen O(11) ions are so crowded that electrostatic repulsion

may cause the displacement from the ideal mO site(5/6,2/3,O.O) toward the
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aBR site(O.O,O.O,O.O). In addition to interstitial oxygens, interstitial

Al(8) also shifts a little from the ideal site (5/6,213,O.07) to

(O.O,O.O,O.07), causing a partial shift of O(3) to O(12). Al(8) makes

bonds to two O(12) and O(7) as well as O(11) forming a nondistorted

tetrahedron.

      Defects are not confined to these atoms but also exhibited in Al(4)

and O(5) within the spinel block. The fact that occupancy of Al(4) of

O.74 is almost the same as that of Al(1) suggested to us the occurrence

of the simultaneous defect of Al(4) and Al(1). In the case of Al(4) and

Al(!) defects, O(5) remains surrounded by twelve oxygens as the nearest

neighbors at a distance of about 2.8 A. Thus it is reasonable to assume

that O(5) also becomes vacant simultaneously with Al(4) and Al(1). As

shown in Table 3-10, however, the occupancy of O(5) is not consistent with

this assumption. Probably this discrepancy can be attributed to the

large electron density of Ba(3) ion at z=O.220 which, in the average

structure, effects the occupancy of O(5) at z=O.200. The combination of

the triple Reidinger defects and inside-spinel defects forms a 12-coordi-

nated polyhedral site in the spinel block as shown in Fig.3-9, the site

that Ba(Pb) ions occupy. In conclusion, the triple Reidinger defects

together with Al(4) and O(5) defects produce a large 12--cornered polyhed-

ral site inside the spinel block, where large cations as Ba andlor Pb are

situated. Such an inside-spinel site has not been reported up to now.

      The remaining problem is the species of the cation and the ratio

of PblBa at each large cation site. As the occupancy is varied at each

large cation site in the refinement, the Pb/Ba ratio at each site cannot

be determined exactly by the least-squares calculation. We noted that

there exist two distinct inside--spinel sites, (213,l/3,O.22) and
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(2/3,l/3,O.24). The latter site may as well be called "9-coordinated

polyhedral site" rather than "distorted" 12-coordinated polyhedral site.

Here we supposed that the large cation sites of (213,1/3,O.22) and

(213,l/3,O.24) are attributable to Ba and Pb ions, respectively. This

assumption is based on the following reasons: At the site(2!3,1/3,O.24),

the distance to the nearest oxygen O(2) is only 2.3 A, which is too short

for the large Ba-O distance of about 2.8 - 3.0 A. It would be better to

assume that the smaller Pb ion might be situated at this site

(2!3,113,O.24). The refinement was accomplished on this assumption with

the result that total number of Ba and Pb cations per unit cell is 2.27,

which is in good agreement with the value of 2.34 deduced from EPMA,

density, and lattice parameters. The ratio Pb/Ba becomes about O.20,

which is only a little smaller than the previously reported value of O.25.

So, it may be that Pb ions are concentrated at the site (2/3,113,O.24),

although a small amount of Pb ions might substitute for Ba ions at the

other site.
                                        '
       On the basis of the atomic parameters of the average structure and

defect mechanism discussed above, we can propose a structure model for

barium lead beta(II)-alumina after the method used for elucidation of the

structure of barium beta-alumina and rare-earth hexaaluminates. Because

simultaneous occupation of the Ba ion, and interstitial Al and O ions is

not possible in the same mirror plane of a single unit cell, we can assume

at least two types of unit cells in barium lead beta(IX)-alumina as shown

in Figs.3-10a and b. In one kind of unit cell, one Ba ion is situated

near the BR site at z=O.O, so the composition is "Ba2A122034' with

charge of +2. This cell contains no defects and shows an ideal formula of

beta-alumina( rv!AlllO17, where M=large cation ). In contrast, the defect

-59-



of a Ba ion at z=O.O, the triple Reidinger defects and defects of Al(4)

and O(5) take place in the other kind of unit cell, the composition of

which becomes "(BaPb)3A!2o03s" with the charge of -4. As there is no

evidence for other types of cells, we supposed that these perfect and

defect cells constitute barium lead beta(II)--alumina. These cells are not

electrostatically neutral, so the ratio for perfect cell to defect cell

would be 2 to 1. The comparison of the occupancy deduced from the struc-

ture model and the refined parameters are given in Table 3-13. These data

are in good agreement except for O(5) probably for the reason already

described in this section. The resulting chemical formula "(BaPb)2.33

A121.33034.33" based on the model is very near to the formula

"(Bao.sPbo.2)2.34A121.oo033.s4" obtained by using EPMA, lattice para-

meters, and density data. This structure model can be directly applied to

pure barium beta(II)-alumina. Furthermore, it seems that this peculiar

structure is not confined to barium beta(II)-alunina. Zandvergen gt Ll.

( 1984 ) reported the compound "1.31BaO.6Ga203", and presented its struc-

ture image, which resembled that obtained for barium beta(IZ)-alumina by

using high-resolution electron microscope( Bando, 1984 ). Probably

barium beta(II)-alumina and "1.31BaO'6Ga203" are isostructural compounds.

      The structure model described above is readily applicable to

explain the intergrowth phenomenon reported by several works ( Morgan &

Shaw, 1983; Yamamoto & O'Keeffe, 1984 ), and the presence of "APB"( Iyi

s!tL a,1;.,1983; Zandbergen .g!tL ul..,1984 ) and the superstructure. The avtii' x

ax15' superstructure is very characteristic of beta(II)-alumina compounds,

and has been observed by these researchers. This superstructure can be

attributed to these three cells ( two perfect cells and one defect cell ),

which form a large unit cell as showp in Fig.3-11. In the figure the
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defect cells are so arranged as not to be adjacent to each other. The
                             cediffuse reflections along c -axis observed previously can also be ex-

plained by assuming that there are almost no correlations between the

defect Ba-O layers in arrangement of the mLrror planes containing the

interstitial oxygen ions.

        The problem of the intergrowth can be also clearly solved. The

intergrowth between barium beta-alumina and barium beta(II)-alumina was

observed in the sintered specimens ( Morgan & Shaw, 1983; Yamamoto &

O'Keeffe, 1984 ). It could be also observed in the crystal boules grown by

using the intermediate composition as the starting materials. In the

previous section, barium beta-alumina was revealed to be composed of a

fully occupied half cell "BaAlllO17" and a defect half cell "OAIIIO17•"

The former is also a component of barium beta(II)-alumina. The presence

of the cell, common to these two compounds, would be the reason for the

intergrowth between barium beta--alumina and barium beta(!I)-alumina,

forrned probably under the inhomogeneous growth conditions. In Fig.3--12,

the intergrowth between themis depicted. The solid solution range

reported by Stevels( 1978 ) is, in reality, due to the intergrowth pheno-

menon of barium beta- and beta(II)-aluminas. He accomplished the solid

state reaction at low temperature, which would favor the intergrowth.

       Another problem concerns "APB" of barium beta(I!)-alumina. It was

mentioned that the boundary shown in Fig.3-4 was "APB" ( anti-phase

boundary ) with a displacement vector of 1!2 c. Indeed, when only two

kinds of BaO layers are taken into consideration, this nomenclature may

not be wrong, but spinel blocks do not fit with those which have migrated

by 112 c. It would be reasonable to think that the coherency of the

spinel block is preserved across the "APB." Accordingly, it would be
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better to consider the boundary to be a twin boundary instead of APB.

Twins are related by glide reflection in (100) plane. Between twins, the

c-axis is held in common, and the a-, and b- axes are placed in parallel

but opposite directions. From the viewpoint of the origin, it may be a

growth twin, and, from the viewpoint of the axial relations, it would be

called a "coaxial twin"( Takano, 1973 ). As long as the size of twLn

domain is large, the intensities of X-ray reflections would not be influe-

nced by twinning. The schematic representation of twin model is given in

Fig.3-13.
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3-6 The iCt!)LE!Asr stal Structure f2JfL sM!g=ggRggd d Barium Hexaaluminate

       At present, two compounds, BaMgAlloO17 and BaMg3Al12021, are known

as Mg-doped barium hexaaluminate compounds( Stevel, 1976; Kimura, 1983 ).

As can be seen from the formula, BaMgAlloO17 is supposed to have a beta-

alumina structure ( Stevel, 1976), but the structure analysis has not been

made. In this section, the crystal structure of BalvlgAlloO17 is described.

3-6-1 IE2g2ggELg!g!!gaELrmentalandRefinement

       The single crystal of "BaMgAlloO17" was grown by the FZ method

using a xenon arc lamp as the heat source ( Kimura, 1983 ). The growth

rate was 1 mmlhr and nitrogen was used as the growth atmosphere. The

grown boule was in large part "BaDCgAlloO17", but a srnall amount of Ba?"lg3

Ali402s coexisted in the center of the boule. . Part of "BaD"IgAlloO17" was

analyzed by EPMA, which showed a small amount of Ba-deficiency from the

ideal composition BaMgAlloO17. The chemical formula was determined to be

Bao.gssMgo.g62Allo.os6017.o• In this calculation the number of oxygen per

unit formla was assigned to 17.0. Ba-deficiency of "Ba'Mg beta-alumina"

was already noted in the phase study of Kimura( 1983 ). This compound is

referred to as Bao.gss.Mg beta-alumina.

       The structure of Bao.gss.Mg beta-alumina was refined in a similar

way to barium beta-alumina. The specimen was ground to a sphere with

radius of 70" , and the collected non-zero unique intensity data amounted

to 677. Absorption corrections were also applied in this case, as the
                                        -1                                          . The structure of Bao.gss'Mglinear absorption coefficient was 42.7 cm

beta-alumina was refined without any troubles. The refinement was carried

out with the positional parameters of barium beta-alumina( not including
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interstitials ) used as the starting parameters. (R= O.122 ). The

refinement using a general temperature factor gave R=O.045 when the occu-

pancy of Ba was varied. Further isotropic refinement reduced the R-factor

to O.035. The final anisotropic refinement converged to yield R=O.031

( wR=O.035, w=1.0 ). The difference Fourier synthesis at the last stage

showed featureless depressions and peaks within the limit of +1.l to -1.2

elA3 with an exception of the slightly large peak of 2.g elA3 at

( 113,213,O.23 ).

       Crystallographic data are shown in Table 3-14. Refined parameters

are given in Table 3-15, and the bond length and angles are presented in

Tables 3-16 and i7, respectively.

3-6-2 Results

       The refinement showed Bao.gss.Mg beta-alumina to be a typical beta-

alumina, having Ba at the BR site and without any interstitial ions. From

the bond lengths, Mg is supposed to be situated at the Al(2) tetrahedral

site within the spinel block, as was found in other Mg-doped beta-alumina

compounds (Collin gtL 21., 1980 ). The Bao.gss'Mg beta-alumina used for

refinement had slightly less Ba-content than the ideal formula Barv!g

AlloO17. Table 3-l4 contains the composition of both Mg-doped compounds

calculated from the occupancy obtained in the refinements. From EPrvlA data

( Tab!e 4-2 ), we obtained a formula, Bao.gssMgo.g62Allo.os6017.o• In

these calculations the number of oxygen per unit formula was assigned to

17.0. The formu!ae derived from X-ray data and from EPMA data agreed very

well with each other.
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The positional and therrnal parameters

Position

Number

  unit
per
 cell x z

     4fi11xlO      4e22xlo B33xloS P23xlo5

Pb

Al(1)

Al(2)

Al(3)

Al(4)

Al(5)

O(1)

O(2)

O(3)

O(4)

O(5)

 2d

12k

 4f

 4f

 2a

 2b

12k

12k

 4f

 4e

 6h

2

12

4

4

2

2

12

12

4

4

6

  213

O.8317(4)

  ll3

  1/3

  o

  o

O.154S(7)

O.SO16(7)

  213

  o
O.1823(li)

   1/4

O.1080(1)

O.02809(18)

O.19013(18)

  o
O.2406(5)

O.0519(2)

O.1471(2)

O.0541<4)

O.1479<4)

   1/4

112(2)

 33(S)

 30(8)

 34(8)

 21(13)

 31(17)

 45(12)

 41(13)

 19(16)

 14(18)

 so(21)

P11

30(7)

Pll
511

Bn
Bn

34(22)

57(19)

P11
P 11

98(41)

7S(2)

21(3)

13(S)

21(5)

30(9)

96(3i)

15(S)

i2(6)

34(12)

36(14)

42(10)

  o

 6(21)

  o

  o

  o

  o

-7(30)

11(34)

  o

  o

  o

The thermal parameters

   2hkfi12 + 2hlP13

are of the
+ 2klP23)J.

form : expL-(h2 ell

   B12 s 1/2 P22

. k2 p22 +

; P13 .

 i2p33 +

il2e23 .

Table 3-1. The positional and thermal parameters of Pb hexaalumÅ}nate.
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rNTERATOMrCD!STANCES

Number of bonds

Distance

  (A)

Al(1)

Al(3)

Al(4)

-

-

-

-

-

-

O(1)

O(2)

O(3)

O(4)

O(2)

O(5)

O(1)

Octahedral coordination
2

2

1

1

3

3

6

1

1

1

1

1

1

1

.

.

.

.

.

.

.

992(7)

811(7)

987(6)

847(6)

880(7)

966(8)

879(6)

Al(2) - O(1)

O(3)

Tetrahedral coordination
3

l

1

1

.

.

804<7)

812( le)

Al(S)

Pb

.

--

.

.

O(4)

O(4)'

O(5)

O(2)

O(5)

Polyhedron

Polyhedron

 5toordinated
  1

  1

  3

12-coordinated

  6

  6

2

2

1

2

2

.

-

.

.

.

044(14)

458(14)

771(11)

772(5)

790(9)

Tab1e 3-2. Interatomic distances of Pb hexaaluminate.
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BONDANGLES

Bond

   (

angles

e)

O(1) --  Al(1)

O(2) -

O(2) -

O(5)

O(1)

Al(1)

Al(3)

Al(3)

Al(4)

.

.

   Octahedral

O(1)'

O(2)

O(3)

O(4)

O(3)

O(4)

O(2)t

o(s)

O(5)'

O(1)'

O(1)"

coordination

80

89

88

84

86

99

96

91

79

86

93

.

.

.

.

.

.

.

.

.

.

.

80(37)

75(29)

98(26)

71(24)

12(21)

20(2S)

79(2S)

07(33)

87(34)

79(24)

21(24)

O(1) -

O(5) -

Al(2)

Al(5)

   Tetrahedral
O(1)'

O<3)

   Polyhedron

O(4)

O(4)'

O(s)t

coordination

5-coordinated

111

106

 96

 83

118

.

.

.

.

.

90(17)

92(19)

72(36)

28(36)

65(14)

Tab1e 3-3. Bond angles of Pb hexaaluminate.
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CRYSTALLOGRAPHICDATA

Formula

Symmetry

Space group

       a=
       c=
       v=
       Z=

  Ba2.34Al21.o033.s4

  hexagonal
  Pern2

S.601 A
22.91 A
622.42 A3

1

Table 3-4. Crystallographic data of Ba-phase

-68-

II.



CRYSTALLOGRAPHICDATA

Formula

Symmetry

Space group

       a=
       c=
       v=
       z=

    D=     obs.

  Bao.7sAiii.oOi7.2s

  hexagonal

     lmmc  P6    3
5.588(2) A
22.769(9) A
615.7(4) A3

2

         -33.657 gcm

Table 3-5. Crystallographic data of Ba

     -69-

beta-alumina.



         Nurmber
Pos;tion unlt

per
cell x z      5BilxlO      5B22xlO      6S33xlO      6B23xlO B

Ba 6 Ch) 1.485 (6) O.6717(6) 114 li44{19) 2514{150) 197(4} o

Al (1)

Al(2)

Ai{3)

Ai (4)

Al <s )b

12(k)

 4(f)

 4(f)

 2(a}

l2<k)

10.

 4

4

2

 o.

86 (4)

93(3)

O.83256C8)

  1!3

  1!3

  o

O.8426C8)

O.10462(2)

O.02356(4)

O.1 75 37 (4)

  o

O.1769(3)

576(l5)

381 (17)

907(22)

S02(26)

l36 (l41)

461(19)

B.il

BU
BII

!10<202}

212(6}

164(9)

146(10)

166(14)

146C66}

-259<3S)

  o
  o
  o
-l2(3il>

t

O(1)

O<2}

O(3)

O(4)

O(5)

O(6)

o(7)b

12(k)

i2<k)

 4 (f)

 4(e}

 2(c)

 6 <h}

 6 {h)

12

l2

 4

.4

 O.38(9)

 1.63(10)

 O.55(4)

o.

o.

o.

o.

IS80(i}

5039(2>

213

o

113

290<2)

881(3)

O.049S3(5)

O.l4721<5)

O.05574 (8)

O.141iO(8)

 i14

 !l4

 1/4

 822(27}

 534 (23}

 652{36)

 468(32)

2601{34B>

 39S(3S)

 670(37)

 Bll

 Bll

245Å} (754}

24S <10}

422 (13)

i75(19)

2il(21)

104 (54}

  80 (66)

-281C73)

   o
   o

   o

o

o

.

.

4(4)

9(6)

a

b

nLhe therrnal pararneters

B12 = 112 B22 ; 313 =

Interstitials.

 are of the form

1/2 S23.

: exp [- (h 2Bn+ k2B22+ i
2 B33+ 2hkB12+ 2hl613+ 2k1323)].

Table 3-6. The positional and thermal parameters of Ba beta-alumina.
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Numberof bonds           edistance CA)

Octahedral

   Ai (1) -•

   Ai (4) --

Tetrahedral

   AZ C2) -

   Al{3) -

   Al <5 ). -

Polyhedron

   Ba -•

coordination

O(1)

O{2)

O(3}

O(4)

O(l)

 coordination

O (.1)

O(3)

O(2)

O(5}

O (.2)

O (.4 )

O C7 ).

9-coodinated

O(2)

O(2)t

O(5)

O(5)'

2

2

1

1

6

3

l

3

1

2

1

1

4

2

2

1

2

!

1

1

1

l

1

1

1

1

i

1

2

2

3

3

.O15(2)

.863<2)

.9S4(2)

.821(2)

.900(2)

.797(2)

.806(3)

.771(2)

.699 (2)

.777(7)

.728C8)

.705(9)

.808(4)

.849(4)

.202(5)

.275<6)

Table 3-7. Interatornic distances of Ba beta-alumina.
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Bond        oangies ( )

Octahedral coordination

  O(1) - Al (1) - O(i) "

  O(1} - Al (1) - O(2)

  O{1) - Al(1) •- O(3).

  O(Z) - Ai {.1} - O{.4)

  O(2) - Al (1) - O(2) '

  O(2) - Al(1) -O(3)

  O(2) - Al(1) -O(4)

  O(1) - Al(41 -O(Lli

  O(1) - Al (.4} - O(1)"

Tetrahedrai coordination

   O(1) - Ai C2) - O(1),

   O(Z) - Al<2) - e(3)

   OC2) - Al (3) - O{2} i

   O(2) -- Ai C3) - O(5)

   O(2) - AI C3) - O(.6)

   O(2) - A: C3) - O(6) ,

   O(2} - Al..CS) - O(2}T

   O(2) -- Al(5) -O(4)

   O(2) - Al (5) - O(7)

   O(4) - Al(5) - O(7)

82

91

89

84

94

86

98

88

91

109

109

I07

lil

J03

125

IOO

i05

i18

I05

.

.

.

.

.

.

.

.

.

.

.

.

.

•

.

.

.

.

.

i8(9)

68(9)

67C7}

63(7)

14(i3)

3Z(9>

81(7)

4O C9)

60{9}

77<10)

16(IO)

64(11)

2S(:O)

9(7)

i(6)

3(4)

9{4)

9(12)

6(IO)

Tab1e 3-8. Bond angles of Ba beta-alumina.
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CRYSTALLOGRAPHIC    ÅëDATA

Formula

Symmetry

Space group

       a '=

       c=
       v=
       z=

    D=     obs.

  (Bao.soPbb.

  hexagonai
  P6m2
         eS.6003(-S)A
         o22.922(2)A
622.s7(g)X3

1

        -33.88 gcm

20)2 .34Al21.o033.s4

Åë For subcell structure.

Table 3-9. Crystallographic data of BaPb

-73-

beta(II)-alumina.



THE         aPOSITIONAL ANDTHERMALPARAMETERS

Atom Position

Number per

 unit celi x z
Bb

Ba(1)

Ba(2)

Ba(3)

Pb

Al(1)

Al(2)

Al(3)

Al(4)

Ai(S)

Al(6)

Al(7)
Al(8)"

O(1)

O(2)

O(3)

O(4)

o(s)

O(6)

O(7)

O(8)

O(9)

O(10)
O(11)cr

O(12)

3j

3k

2i

2i

6n

6n

an

2i

6n

2i

2g

6n

6n

6n

6n

6n

2i

2h

2g

2g

3j

3k

3j

6n

O.685(10)

1.002(10)

O.211(19)

O.37S(9)

3.96(7)

  6

  2

1.48(5)

1.99(6)

  2

  2

l.90(8)

  6

  6

4.76(18)

  6

1.86(18)

  2

  2

  2

1.18(IO)

  1

O.99(10)

1.67(18)

O.6770(12)

O.3202(6)

  213

  213

O.8351(8)

O.1660(6)

  113

  2!3

O.3084(9)

  213

  o

O.8565(10)

O.1607(12)

O.8460(10)

O.50S3(16)

O.4942(11)

  213

  113

  o

  o

O.261(4)

O.686(4)

O.916(4)

O.494(3)

  o

  :/2

O.2202(6)

O.2422(2)

O.151S(2)

O.3S73(1)

O.2302(3)

O.2767(3)

O.0741(3)

O.4249(2)

O.2S32(3)

O.0694(3)

O.2062(3)

O.3048(2)

O.1080(4)

O.3996(3)

O.2004(IO)

O.3102(5)

O.1131(5)

O.3962(S)

  o

  ll2

  o

O.0827(9)

O.73(7)

O.Sl(S)

O.35(21)

O.42(6)

O.35(7)

O.34(3)

O.44(8)

O.54(15)

O.20(16)

O.26(7)

O.18(6)

O.19(16)

O.86(10)

O.SO(9)

O.84(18)

O.53(10)

O.64(26)

O.46(16)

O.29(17)

O.33(r6)

2.3(8)

O.40(42)

!.1(6)

O.23(37)

a
b

o

ys 2x.
Isotropic temperature

lnterstitials.

factor (X2).

Table 3-le. The

of

 positional and thermal

BaPb beta(II)-alumina.

parameters
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Tab1e 3-1l.

Number of bonds          oDistance(A)

J

Al(1)

Al(2)

Al(7)

Al(3)

Al(4)

Al(S)

Al(6)

Al(8)

   (

Ba(1)

Ba(2)

Ba(3)

   (

Pb

   (

-

-

.

-

-

.

-

-

.

-

-

.

.

-

'

.

-

-

-

.

.

.

.

-

-

.

.

.

-

-

-

-

-

.

      Octahedrai coordination

O(1) 2 2O(3) 2 1O(S) 1 1O(7) 1 1O(2) 2 1O(4) 2 1O(6) 1 1O(8) 1 1O(1) 3 1O(2) 3 1     Tetrahedral coordination

O(1) 3 1O(6) 1 1O(2) 3 1O(S) 1 1O(3) 2 1O(9) 1 1O(12) 1 1O(4) . 3 1O(10) 1 1O(7) 1 1O(11) 1 1O(12) 2 1O(3) 2 I     Poiyhedron 9-coordinated

O(3) 6 2O(9) 3 2O(4) 6 2O(10) 3 3
    Inside-spinel site

O(1) 6 2O(2) 3 2O(12) 3 3O(3) 3 3O(1) 6 2O(2) 3 2O(3) 3 3

.

.

.

•-

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

'

.

.

.

.

.

.

.

.

.

.

.

.

.

.

O17(11)

886(14)

982(IS)

826(9)

966(9)

865(10)

949(8)

841(8)

89S(11)

90S(9)

763(12)

833(13)

8S4(10)

748(24)

744(18)

7S9(12)

810(28)

771(10)

731(6)

715(11)

694(IS)

790(24)

93(2)

931(13)

9S(4) (

783(9) (

14(4) (

819(10)

604(13)

S70(26)

Oll(16)

920(10)

255(9)

450(12)

)

( averaged )

averaged )

 averaged )

averaged )

)

)

rnteratomic distances  of

-75-
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Bond angles (O)

O(1) - Al(1)

O(3) - Al(1)

O(2) - Al(2)

O(4) - Al(2)

O(1) - Ai(7)

O(2) - Al(7)

ortahedral

- O(1)'

- O(3)

- O(5)

- O(7)

- O(3)t

- o(s)

- O(7)

- O(2)'

- O(4)

-- O(6)

- O(8)

- O(4),

- O<6)

- O(8)

- O(1)'

- O(2)

- O(2)'

coordination

         84.04(62)
         91.78(S8)
         89.0S(S4)
         86.76(S6)
         91.92(88)
         85.82(70)

         98.08(S5)
         82.31(52)
         92.29("ua)

         91.S4(33)
         85.03(39)
         92.84(62)

         84.91(40)
         98.21(40)
         90.88(44)

         91.73(36)
         8S.54(39)

O(1) - Al(3)

O(2) - Al(4)

O(3) - Al(5)

O(9) - Al(5)

O(4) - Al(6)

O(7) - Al(8)

 O(11)- Al(8)
 O(12)- Al(8)
( O(3) - Al(8)

 Tetrahedral
- O(1)'

- O(6)

- O(2) '

- o(s)

- O(3)'

- O(9)

- O(12)

- O(12)

- O(4),

- O( 10)

- O(11)

- O(12)

- O( 12)

- O(12)'

- O(11)

coordination

      110.72(31)
      108.i9(32)
      108.63(27)
      110.30(26)
      111.87(62)

      110.0(IS)
      106.8(9)
      111.2(14)
      109.80(27)
      10S.9(11)

      105.7(14)

      liO.8(10)

      110.6(13)
      i08.2(17)

      128.1(9) )

Table 3-12. Bond angles of BaPb beta(II)-alumina.
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The number

  Per

 of

unit

atoms
 cell

Atom

Result of
refinement Model

 Ba(1)

Ba(2)

 Ba(3)

Pb

 Al(1)

 Al(4)

Al(5)

 Al(8)

 O(3)

. O(5)

 O(9)

 O(11)

 O(12)

O.685(10)

1.002(10)

O.211(19)

O.37S(9)

3.96(7)

1.48(S)

1.99(6)

1.90(8)

4.76(18)

1.86(18)

1.18(10)

O.99(10)

1.67(18)

O.667

1.000

O.20

O.467

4.00

1.33

2.00

2.00

4.00

1.33

1.00

!.oa
2.00

Table 3-13. Comparison of the

refined parameters

slte

 of

 occupancy between the

BaPb beta(II)-alumina.

model and the
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Formula

Symmetry

Space group

       a=

c=
v=
z=

D
 calc.

  Bao.gs6Mgo.gi2Aiio.

  hexagonal
  P63/mmc
          o5.6275(7) A
           e22.658(7) A
621.42(21) X3

           '  2
        -33.728 gcm

088o17.0

Tab1e 3-14. Crystallographic data of Ba.Mg beta-alumina.
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'l'he positional and thermal
Åë
 parameters of Ba o.gs6'Mg P-alumina

Positlon

Nuntber

 unit
 per
cell x z

      4ellxio P22.lo4 P33xlO5 e23xio5

Ba 2d 1.912(9) O.6778(11) 114 80(9) 89(19) 26(1) o

Ai(1)

Al(2)

Al(3)

Al(4)

12k

 4f

 4f

 2a

12

4

4

2

O.8343(1)

  1/3

  113

  o

O.10544(4)

O.024oo(7)

O.17416(7)

  o

32(2)

50(4)

33(3)

29(S)

33(3)
P 11

e11

ell

24(1)

25(2)

18(2)

18(3)

-3(6)

  o

  o

  o

O(1)

O(2)

O(3)

O(4)

O(5)

12k

12k

 4f

 4e

 2c

12

l2

4

4

2

o

e

.

.

1534(3)

5042(3)

213

o

113

O.05152(9)

O.14799(9)

O.OS901(!7)

O.l4437(16)

   114

 S5(S)

 43(S)

 39(7)

 42(7)

198(l9)

67(9)

41(6)
e 11

e11
Pu.

27(2)

30(3)

45(5)

27(4)

28(7)

-- 31(12)

  7(13)

   o

   o

   o

a 'the thermal parameters
   2hkP12 + 2hlP13

      1
are of the
+ 2kiP23)] .

form :

   Pi2

exp (-(h

 - 1/2

2
 Fii

P22
+

;

k2F22

 Fi3

 + 12

a 1/2

P33 +

P23 .

Table 3-15. The positional and thermal parameters of Ba•Mg beta-alumina.
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Number oi bonds Distance   e(A)

Al(1)

Al(4)

Octahedral

- O(1)

- O(2)

--  O(3)

- O(4)

- O(1)

coordination

  2•

 2
 1
 1
 6

!.980(3)

1.876(3)

1.943(3)

1.841(2)

1.897(3)

Al(2>

Al(3)

Tetrahedral

- O(1)

- O(3)

- O(2)

- o(s)

coordination
3

1

3

1

1.862(3)

-1.881(4)

1.768(3)

1.718(2)

be -

-

"

.

Poiyhedron

 O(2)

 O(2)t

o(s)

O(5)'

9-coordinated

 4
 2
 2
 1

2.773(6)

2.865(7)

3.196(9)

3.3S8(il)

Table 3-16. Interatomic distances of Ba.Mg beta-alumina.
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Bond

Ba  o.

angles (

gs6'Mg' F

o)

Octahedral coordination

O(1) -

O(2)

Al(1)

- Al(1)

O(1) - Al(4)

-

O(1)'

O(2)

O(3)

O(4)

O(2)'

O<3)

O(4)

O(1)t

O(1)"

81

92

91

84

93

84

98

86

93

.63(15)

.06(12)

.98(11)

.89(13)

.96(17)

.32(!3)

.48(12)

.08(1O)

.92(10)

Tetrahedral coordination

O(1) -

O(2) -

Al(2)

Al(3)

O(1)'

O(3)

O(2)'

O(5)

109

109

109

109

.38(8)

.S7(8)

.34(9)

.60(8)

Table 3-17. Bond angles of Ba.Mg beta-alumina.
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.d-N

ve
w
o"=
"es

k
oaE
o-

2000

1900

1800

1700

1600

A1203 -
. Liquid

'

1963 -z
Phase r l BaA120t,

+ Liquid + 1.iquid

1870
A1203 t850
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4-1

      The unit
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DAIIIO17 (
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        Since
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tions of Na+
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directly.

HEXAALUMINATESCONTAINING?vlONOVALENTCATIONS

Introduction
                 '
          formula of a beta-alumina containing monovalent cations can

         aS MI+xAlllO17+x/2, where M is a mono-valent cation, and

         compounds usually show non-stoichiometry with the level of

           now, many structural investigatÅ}ons on beta-alumÅ}na com-

       been published ( g.-a., Peters g!tL A,IL.,1971; Roth, 1972 ), and

    revealed that charge compensation was accomplished by the inter-

          in the mirror plane( Reidinger,l979; Roth gt g,IL., 1977 ).

          were almost always obtained by the ion-exchange of sodium

          which has the composition wLth xkO.3. Accordingly, their

         were determined by the composition of sodium beta-alumina

       starting rnaterial for ion-exchange. For investigation of the

  distribution or configuration in the mirror plane, it is necessary

        beta-aluminas containing more or less cations than the usual

        xsMO.3. For example, beta-aluminas of the poorest cation

          x=O.O, in other words "ideal" stoiciometric beta-alumina

       MAInO17( M ; mono-valent cations ), were prepared by the

    synthetic route via. (H30)AlnO17 ( Boilot gt sl., 1980 ) or

      Newsam & Tofield, 1981a ), and subjected to structural analysis

       single crystal diffraction or powder neutron diffraction.

          systematic ion exchange experiments on beta-alumina com-

       first reported by Yao and Kummer( 1967 ), the exchange reac-

           in beta-alumina with other monovalent cations have been

           to prepare some beta-aluminas which can not be obtained

       These facts show that ion exchange reaction is very common to
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beta-alumina compounds. !n Chapter 3, barium hexaaluminate phase I was

revealed to have a beta-alumina structure and the nonstoichiometry was
                                                                       1+attributed to the same interstitial oxygen mechanism as was found in M
                                              2+beta-alumina. If monovalent ion exchanges Ba                                                 in barium hexaaluminate
                                                           2+phase I ( Ba beta-alumina ), the twice as many cations as Ba                                                              would enter

according to the reaction:

         Bao.7sAln.oO17.2s + 1•5 M+ -- Ml.sAln.oO17.2s + O.75 Ba2+

         (where M+ : monovalent cation ) ( 4.1 )

Sirnilarly, in the case of Bao.gss Mg beta-alumina, the reaction would be:

         Bao.gssMgo.g62Allo.os6017.o + 1•gl M+ =

                                            2+                                                    ( 4.2 )         Mi.giMgo.g62Aiio.os60i7.o + O•955 Ba

By this way, highly nonstoichiometric beta-a!umina compounds would be

prepared.

       The ion exchange reaction of "BaO'6A1203" was previously reported

by Toropov and Stukalova( 1939, 1940 ); however, the reaction equation as

well as the formula and structure of the starting material "BaO.6A1203"

was not made clear at that time.

       In order to obtain the highly nonstoichiometric beta-aluminas,

ion-exchange experiments on Ba beta-alumina and BaMgAlloO17( Ba'Mg beta-

alumina ) was conducted. Section 4-2 deals with the results of ion-

exchange and the optimum exchange conditions( ryi gt gl.,1985a ). The

crystal structure of K+-exchanged Ba beta-alumina is described in Section

4-3( Iyi gt A,IL. 1986a ), and that of K+-exchanged Bao.gss•Mg beta-alumina

appeares in Section 4-4( Iyi g3tL asl.. 1986b ).

4-2 Ion iEIRss!}a!Mlsc lh e Reaction s!!fl. Barium Beta-Alumina

4-2-1 Ex erimantal
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       Single crystals of Ba beta-alumina and Bao.gss.Mg beta-alumina

grown by the FZ method were used as the starting materials. Unless other-

wise described, they were cut into about O.4xO.4xO.4 mm cubes, which were

treated with a large excess of the molten salt ( more than 300 times in

weight ) in a Pt crucible under air. The resultant crystals were examined

by means of EPMA to check the extent of replacement. The powder X-ray

diffraction data were obtained by a Phillips diffractometer and the

lattice parameters were calculated by the least-squares method. To ascer-

tain the retention of P631mmc space group symmetry during the ion-

exchange, the obtained specimens were examined by the precession photo-

graphs taken by using MoKa radiation. Density was measured according to

the method of Archimedes.

4-2-2 Results and Discussion

       K+ ion. Ba beta-alumina: Ba beta-alumina exchanged successfully

with molten K2C03 at 980Åé for 20hr, giving transparent potassium beta-

alumina crystals with the. formula Kl.sAln.oO17.2s( Kl.s beta-alumina ) aS

can be expected from the reactÅ}on equation( 4.1 ). They were free from

cracks but very brittle. The remaining BaO was revealed to be only of the

order of O.1 mo19o by EPMA. The crystal has hexagonal symmetry with the

lattice parameters a=5.599 A, c=22.73 A, and X-ray powder diffraction data

are shown in Table 4-1. The density of 3.39 g/cm3 is well in accordance

with the formula. The precession photographs showed the systematic absence

of !L=2n+1 for hhl reflections, where n is an integer. There were also

observed superstructure diffuse reflections ( Fig.4-1 ), but the average

structure agreed with the P631mmc space group which beta-alumina compounds

usually take. When a specimen 1.5 mm in length perpendicular to the c-

--
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axis was used, the BaO content was unchanged near the center of the

crystal under the same exchange condition. Treament at the lower tempera-

ture of 6000C.with molten KOH for 20hr lead to only partial replaceraent

in the periphery.

                                           '
       Bao.gss Mg beta-alumina: K+ ion successfully replaced Ba2+ ion in

Bao.gss Mg beta-alumina when K2C03 flux was applied for 20 hr at 98oec.

The crystals lost transparency owing to tiny cracks. The compositions of

the starting and resultant crystals, which were determined by EPMA, are

given in Table 4-2. These data clearly show the equimolar interchange

between Ba and K2, so the reaction equation could be written as equation

( 4.2 ).

       The starting material Bao.gss lvlg beta-alumina have a typical beta-

alumina structure with a symmetry of P63/mmc. The ion-exchanged product

was also proved to have the same space group symmetry by the precession

camera. There appeared no reflections due to superstructure. The lattice

parameters a=5.641A and c=22.64A were obtained by using 2e-data of 20

reflections collected on the four-circle diffractometer.

       Na+ ion. Ba beta-alumina: Complete exchange of Ba2+ in Ba beta-
       -
alumina for Na+ was attained in the molten Na2C03 at 9800C for 20hr,

                                                          2+yielding crystals with some tiny cracks. No remaining Ba was detected

by EPMA but Na content tended to vary because of the migration of Na+ ion

during the analysis. Wet chemical analysis revealed the equimolar

exchange between Ba and Na2, so the obtained compound can be denoted as

Nal.sAlll.oO17.2s( Nal.s beta-alumina )• It possesses hexagonal symmetry

with lattice parameters a=5.591A and c=22.62A. X-Ray powder diffraction
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data are given in Table 4-3. The retention of the space group symmetry

P63/mmc was confirmed by the precession photographs. Density was
        33.29g!cm . Exchange reactions were also undertaken on the specimen of

1.2mm in length perpendicular to the c-axis, yielding a completely

exchanged crystal. This fact suggests the faster exchange rate as com-

pared with the case of Kl.s beta-aluTnina.

       Treatment of Ba beta-alumina with excess molten NaCl-NaN03(3:7 mole

ratio) for 72hr at 650 C resulted in only partially exchanged crystals in

the periphery.

!E22Es!aal!ggh between!!:t+andg+:

       When Kl.s beta-alumina was used as the starting material, Na+ ion

replaced completely K+ in Kl.s beta-alumina after the treatment with NaCl-

NaN03( 3:7 molar ratio ) for 22hr at 6000C. Complete ion-exchange can

also be done in excess NaN03 for 15 hr at a low temperature of 3500C. The

obtained crystals remained transparent and free from cracks.

       On the other hand., the specimens of Nal.s beta-alumina were treated

in excess KN03 at 3800C for 15 hr with the result of incomplete exchange.

In the sarne conditions, Nal.24 beta-alumina ( grown by the flux rnethod by

Bannai( 1982 )) showed complete ion-exchange with K. For Nal.s beta-
 '
alumina, thorough ion-exchange took place when it was subjected to molten

K2C03 at 9800C for 15 hr; the composition of the products was confirmed to

be Kl.s Alu.oO17.2s by EPMA• The yielded crystals were clear and free

from cracks.

       Thus, cofnplete replacement of Ba2+ by mofiovalent cations was shown

to take place according to the reaction equation( 4.1 ) and ( 4.2 ) in
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every cases. Furthermore, the retention of space group symmetry was

proved for all ion-exchanged products; this means no alteration of the

host lattice of the original beta-alumina. Other beta-aiumina compounds

couid be obtained by further ion exchange of Kl.s beta-alumina or Nal.s

beta-alumina, so this method was proved to be a new route for preparation

                         1+of highly cation excess M                            beta-aluminas.

4-3 IC,d-Lggasr t1Structureg!fl.!H!j,g!!L)thl NonstoichiometricDNLg!!:s!gpggond d

      Potassium Beta-Alumina

       As yet, several reports were published on the excess-cation contai-

ning beta-alumina compounds beyond xsO.3. Mg-doped beta-aluminas with

excess cation have been extensively investigated by Collin s2!t; g,1!,.( 1980 ).

However, in these compunds, there operates another type of charge compen-

                                 2+                                   compensates the excess cation in thesation mechanism, in which Mg

mirror plane. Indeed no.n-doped beta-alumina compounds with excess cation

have been prepared and reported(Bourke gt a,IL., 1980 ), but enough

characterizations for discussing the structure are lacking. England et

gl.( 1982 ), for the first time, prepared Ag beta-alumina and Na beta-

alumina with xfuO.45 composition, and refined the occupancy and positional

parameters by using powder neutron diffraction data. For determination of

cation distribution, it would be preferable to analyse by the single

crystal X-ray diffraction method.

       On the basis of simple ion-ion interaction analysis, Newsam( 1982)

assumed the existence of a triply occupied mirror plane and predicted the

upper limit of excess cation to be x=O.571 per unit formula in the case of
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interstitial oxygen compensating the charge of excess cations. The

obtained compound Ml.soAln.oO17.2s ( Ml.so beta-alumina ) is near to the

upper limit composition.

4-3--i ]Eilig}g2z:LII!g!Ea!ti

                      3      A O.4xO.4xO.4 mm                       cube of barium beta-alumina single crystal, which

was grown by the FZ method, was ground into a tiny sphere by the Bond

method. This spherical specimen was directly buried in a great excess of

K2C03 ( 10 gm. ) contained in a Pt crucible. The crucible was placed in a

lvluffle furnace at the temperature of 9800C and held for 20 hr in air

atmosphere. The radius of the specimens was 99 pm, and the absorption

factor ( -LR)for this specimen was O.162. After examination by the

precession method to ascertain the crystallinity and the space group

syrnmetry, the intensity data were collected on the computer-controlled

four-circle diffractometer using graphite-monochromatized MoKcx radiation.

A set of three check reflections (107),(220) and (OO,10) was measured

every 50 reflections. The independent non-zero reflections with total

number of 558 were collected under 2e=120 . The final set of Fo's were

obtained by applying the Lorenz-polarization and absorption corrections.

Values of neutral atom scattering factors were taken from the I.T.( Vol.

IV ). The lattice parameters were obtained from a ieast-squares procedure

applied to 2e-values of 20 reflections measured on the four-circle

diffractometer. Crystallographic data are shown in Table 4-4.

4-3-2 Refinement

      The precession photographs revealed diffuse spots of a sperstruc-

ture as shown in Fig.4--1, so the average crystal structure was investi-
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gated only using Bragg reflections. The space group was determined to be

P63/mmc from the systematic absence of 1= 2n +1 for hhl reflections,

where n is an integer. As the fundamental structure was assumed to be a

beta-alumina structure, Fourier and difference Fourier syntheses were made

by using the positional parameters Al(1) to Al(4) and O(1) to O(5) of

potassium beta-alumina with x=O.3 per unit formula ( K                                                          beta-alumina )(                                                     1.30
Collin gtL E!,IL., 1977 ). Potassium was placed at the BR site, and the

occupancy was assigned to unity for all atoms. The R-factor was O.278 at

this stage. The difference Fourier sections show the deficiency of K at

the BR site and Al(1) at z=O.10. 0n the other hand, additional electron

denSity was indicated at the mO site in the mirror plane. In the next

refinement, K at the BR site was assigned to K(1) and K was added to the

mO site as K(2). With varing the occupancy of K ions and Al(1), the

refinement was accomplished on the positional parameters to give an R-

value of O.145. Difference Fourier synthesis at this stage indicated the

off-centering of K(1) from the ideal BR site, and O(5) from the 2c site

(113,2/3,1/4). Further addition of K at the mO site nearer to the aBR

site than K(2) position was indicated, which was referred to as K(3) in

the successive refinement. After shifting K(l) and O(5) to the 6h sites,

the refinement with a general temperature factor gave O.ll6 as an R-value.

At this stage, secondary extinction effects were observed, so secondary

extinction corrections were introduced in the successive refinements. By

this treatment an R-value dropped to O.080 immediately. Further refine-

ments was accomplished by adding interstitial Al(5) at Z=O.17 according to

the indications of the difference Fourier maps, yielding an R-value of

O.068. Subsequent isotropic refinement reduced the R-factor to O.053. At

this time interstitial O(6) was included in the refinement because the
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scattering power of O.5 oxygen per unit cell estimated from the chemical

formula could not be neg!ected as compared with that of potassium atom.

The residual electron density just inside K(2) was attributed to inter--

stitial oxygen. Final anisotropic refinement gave R=O.029 and wR= O.035

                                                                      4with w=1.0. The g-value for the secondary extinction was 2.76(9) x 10 .

Final difference electron maps showed featureless peaks and depressions of

                                                          3electron density not exceeding the range of +O.6 to -O.8 elA . The final

positional parameters are given in Table 4-5. The data of bond lengths

and angles are shown in Tables 4-6 and 4-7, respectively. Fig.4-2 shows

the electron density at the section of z = O.25.

4-3-3 Discussion

      If Al defect and interstitial oxygen are retained through the ion--

exchange reaction, the reaction formula can be written as the equation

( 4.1 ). The result of refinement showed the total number of K ion to be

1.47(4) per unit formula, which is well in accordance with the chemical

formula derived by the data of EPMA, cell parameters and density in the

pTevious section. So the ion-exchange reaction was supposed to take place

according to the reactiQn equation( 4.1 ) without alteratÅ}on of the host

lattice.

       From the crystallographic point of view, the change of the number

of cations in the ntrror plane in beta-alumina presents two interesting

problems. One is the problem of cation distribution among cation sites Å}n

the mirror plane. The other is the effect of excess cations on the

positional parameters of the other atoms of the host lattice. To reveal

these problems, a comparison was made with ordinary cation-excess

potassium beta-alumina( Kl.3oAln.oO17.ls; Kl.3o beta-alumina ) reported
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by Collin s!tL A,IL.( 1977 ). Some of positional and occupational parameters

to be discussed are given in Table 4-8 for Kl.3o beta-alumina and Kl.so

beta-alumina.
                              '
      To explain the cation distribution among various sites in these two

potassium beta-aluminas, at first, K(3) site at x=O.97 was assumed to be

caused by the shift from the mO site due to cation-cation interaction.

Dernier and Remeika ( 1976 ) also reported the crystal structure of

Kl.3 beta-alumina independently. Their results differ from those of

Collin gtL A,IL.( 1977 ) in the respect of no occupation of K(3) site near

the aBR site. However, the number of potassium ion besides K at the BR

site becornes similar with each other when considerÅ}ng K(3) to be shifted

from the mO site. The still remaining discrepancy may be attrÅ}buted to the

different amount of potassium ion between them, and to the inappropriate

refinernent of Dernier and Remeika ( 1976 ) in which interstitial Al was

not taken into account. The shift of the mO site might stem from the

preparation conditions, and K ion besides the K at the BR site may as well

be regarded as "K-ion at the mO site."

       In the second place, we tried to explore the simplest model in

which the smallest number of cell types constitute potassium beta-alumina.

                                                                    +1In the case of divalent beta-alumina Bao.7sAln.oO17.2s, ( BaAlllO17 )

                 -3and ( OAInO17)                    were considered to be the cells constituting barium

beta-alumina. As there were only two types of cells oppositely charged,

the composition of barium beta-alumina was fixed for attaining charge

neutrality. rn fact, there has not been found no solid solution either to

Al203-rich side or BaO-rich side along BaO-A1203 tie-line. To explain the

existence of solid solution as in the present case, a neutral cell is

needed besides the oppositely charged cells. A non--defective cell
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(KAInO17) corresponds to the basic neutral cell, in which K is situated

at the BR site. The K ion at the mO site with x=O.88 could not coexist

with K at the BR site in the sarne single mirror plane due to short

distance of 2.4A between them, and also K ions at the mO sites with x=O.97

( near to aBR site ) would not be found in the same single mirror plane

with K at the BR site. Besides neutral cells (KAIIIO17), the other cells

assumed to constitute potassium beta-alurnÅ}na were triply occupied cells (

                                                  -1                              +2or "triplet cells" ) (K3AlllO17) and (K20.AlnO!7) ( Fig.4-3 ). The

former has three K ions at the mO sites, i.e. K-K-K triplet cluster, in a

single mirror plane. The latter has two K ions and one interstitia! oxygen

at the mO sites, forming K-K-Oi triplet cluster where Oi stands for inter-

                                                             +2                                                                and (stÅ}tial oxygen. For attaining charge neutrality, ( K3AlnO17 )

             -1                cells should be 1 to 2 in number. Thus potassium beta-K20•AlnO17 )

alumÅ}na could be expressed as (KAInO17)1.. ((K3AlnO17)'2(K20 AlnO17))z'

       These triplet cells were already thought to constitute potassium

beta-gallate structure by Anderson g!tL g,1;.( 1981 ). Furthermore, the

concept of triply occupied rnirror piane was used to predict the upper

limit of cation content by Newsam( 1982 ). The nurnber of the mO site

cation would be 7x14 and cation at the BR site would be 1-3x14, when

taking x as the excess cation number per unit formula. The calculated

occupation number is shown in Table 4-9. For comparison, the occupancy

calculated by the model of Wang gtL a,IL.( 1975 ) is also shown. According

to them, the occupation nurnber at the mO site and the BR site would be 2x

and 1-x, respectively. ( Their model is equivalent to considering M-M
                                                            --1                       +1                          and rvl-M-Oi triplet cell (M20'AluO17)                                                               besidesdoublet cell (M2AluO17)

the neutral cell (MAIIIO17), where M is monovalent cation. ) In both

cases of potassium beta-alumina, the triplet model fits well wtth the real
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occupation as can be seen from Table 4-9. When considering doublet cells

like (K2AlllO17) in which a K-K doublet cluster is situated at the mO

sites, the number of the BR occupation decreases only to agree with that

of Wang s!lti g,ls.( 1975 )'s model finally. If the cation near the aBR site

is regarded as the aBR-cation, the number of the BR occupation increases.

       The conclusions above were based on the average structure obtained

by using the sharp Bragg reflections. As described in the previous

section, there were found somewhat broader superstructure reflections

besides Bragg reflections. Here it is necessary to clarify the causes of

superstructure •by using above discussed structure model. The precession

photographs ( Fig.4-1 ) revealed the superstructure to be essentially of

av6' x av5-x c type with some diffuseness indicating short coherent range.

We assumed that two singlet cells and one triplet cell constitute avtliF x

aVfli' superstructure as shown in Fig.4-4. Here, the triplet cell part is

randomly occupied by K-K-K triplet or K-K-Oi triplet cells, in total 1 to

2 ratio. This two-dimentional avt!; x aV5 arrangement would give a composi-

tion with x-level of O.444, which is slightly less than the present

composition of x=O.5. Accordingly some singlet cells , in the ratio of

about 1 to 20 singlet cells, rnight be converted into K-K-K triplet cells

with causing the partial discontinuity of aVEi'x aViF fundamental super-

structure long-range ordering. The observed slightly broad diffuseness

can be interpreted by this partial disordering.

4-4 IC,gMEJiasstal Structure and Cation Distribution gf. Å}H!lgUlbLhl

       NonstoÅ}chiometric 2M!ggaggl,y!!!i m iD{gpggd Potassium Beta-Alumina
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      Besides non-doped beta-alumina, Mg-doped beta-alumina constitutes

one of the important series of beta-aluminas. The charge compensation has

                             2+                                                  3+                                                     in the spinel blockbeen supposed to be due to Mg                                substituted for Al

in contrast to that of non-doped beta-alumina. Collin s}Lt a,IL.( 1980 ) have

studied on Mg-doped beta-alumina and prepared Ml+yMgyAlu-yO17 with y=O•62

by the method of cooling the rnelt of a given composition. By this direct

reaction, beta"-alumina formation was reported ( Boilot e:t!L sl., 1981 )

when starting with the composition beyond y=O.667. The ion exchanged

product which we have prepared showed large excess cation content, greater

than y=O.667, while maintaining the fundamental structure of a beta-

alumina type. Newsam ( 1982 ) has predicted the upper limit of the cation

content in ?vlg-doped beta-alumina to be y=O.667, if there occurs no occupa-

tion of the aBR sites. It is, therefore, of great interest to determine

how many excess cations can be accorrllnodated in the mirror plane of the Mg-

doped beta-alumina host lattice.

4-4-i 2El2g2ggL!gggEgELti

       The single crystal of the starting material Bao.gss.Mg beta-alumina

was grown by the FZ method as described in the previous section 3-6.

The crystalline part of Bao.gss'Mg beta-alumina was cut into cubes with

                                        3dirnension approximately O.4xO.4xO.4 mm and was used as the starting

material for ion exchange. Several specimens were placed in a Pt crucible

and a great excess of K2C03 powder ( about 10g ) was added. The crucible

was placed in a Muffle furnace and heated at 9800C for 20 hr in an air
                                                                        3atmosphere. The resulting crystal was further cut into a 200x200xlOO "

cube and directly examined by EPMA. The composition was almost the same

                                                          '
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as the previously described one, showing that the mole fraction of the

remaining Ba was O.Ol18 relative to the K content. The specimen was

checked for crystallinity and space group by the precession method. The

space group was determined to be P63/mmc; we found no superstructure spots

or diffuse scattering. For intensity data collection, the crystal was

mounted on an automatic four-circ!e diffractometer with rnonochromatized

MoKct radiation. Reflections below 2e = 1200 were collected by checking

with a set of reflections, ( 107 ) and ( OO,10 ), measured every 50

reflections. After Lorenz polarization and absorption corrections, we

obtained 775 non-zero independent intensities. The linear absorption
                                          -- 1coefficient ( " ) was calculated as 17.7 cm                                             and the intensity data were

further subjected to an absorption correction, producing a final set of

Fo's. The neutral atom scattering factors were taken from the I.T.

(Vo!.IV ). The lattice parameters were refined by using data collected on

the four circle diffractometer with MoK radiation. Table 4-10 contains

crystallographic data of Kl.s7s.Mg beta-alumina.

4-4-2 Refinement

       The fundamental structure of Kl.s7s.Mg beta-alumina was supposed to

be the beta-alumina type, Fourier and difference Fourier syntheses were,

at first, carried out using the positional parameters of Al(1) to Al(4)

and O(1) to O(5) of potassium beta-alumina refined by Collin gt gl.(1977).

K was placed as K(1) at the ideal BR site with full occupancy. The

Fourier synthesis of this model with an R-value = O.270 indicated a slight

deficiency at K(1), and additional electron density at the mO site. After

addition of K(2) at the mO site, further refinement was made varing the

occupancy of K(l), giving an R-factor of O.136. At this stage, there was
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residual electron density around the BR site. So K(1) was split into the

6h site near the BR site. After addition of K(3) at the aBR site(O,O,l/4)

as indicated by the difference Fourier maps, R-value was reduced to O.105

using a general temperature factor. Successive refinement using indivi-

dual isotropic temperature factors further reduced the R-value to O.077.

Still there remained electron density probably due to K ions at the mO ( x

= O.82 ) just inside the K(2) position; thus, we added K as K(4). The

final isotropic refinement yielded R=O.065. As next anisotropic refine-

ment indicated a tendency of K(1) at the 6h site to shift back to the BR

site, further refinements were accomplished with K(1) being situated at

the BR site. In this manner, an anisotropic refinement was successfully

conducted, yielding an R-value of O.034( wR = O.045 : w=1.0 ). As

pointed out earlier, EPMA revealed that Ba still remained in the molar
                                                                  '
ratio of O.Ol18 relative to K, so Ba was included in the successive

anisotropic refinement by assiming Ba to be situated at the same site

having the same ternperature factor( in the form B ) as in barium beta-
                                                eq.
alumina( Bao.7sAlll.oO17.2s ). In the refinement the Ba occupancy was

calculated by the total potassium occupation multiplied by the factor

O.Ol18, while the positional parameters and temperature factor of Ba were

held fixed. With this treatment, only the K(1) occupation changed,

without affecting the other parameters beyond the esd's. The R-value also

remained unchanged. As a check, difference Fourier sections were taken,

which showed a slight depression of --1.7 elA3 at ( O,O,O.21 ), with a

                                                      3noise level not exceeding the range of -1.0 to +O.8 e/A .

       The positÅ}onal parameters of Kl.s7s.Mg beta-alumina are given in

Table 4--11. Interatomic distances and angles are shown in Tables 4-12
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and 4-13. Fig.4-5 shows the Fourier section at z= O•25 of Kl.s7s'Mg

                                                      'beta-alumina.
                                                             '

4-4-3 Discussion

       As pointed out in the previous section, Mg-doped barium beta-

alumina used as the starting material had slightly less Ba-content thaR

the ideal formula BaMgAlloO17, so the resulting Mg-doped potassium beta-

alumina also exhibited a somewhat smaller K-content than expected for the

ideal reaction formula:

                                                   2+                               +                BaMgAlloO17 + 2K = K2MgAlloO17 + Ba

Table 4-10 specifies the composition of both Mg-doped compounds calculated

from the occupancy obtained in the refinements. From EPIqt data, the

formuiae, Bao.gssMgo.g62Aiio.os60i7.o and Ki.s72Bao.o22iVigo.g2i

Allo.osO17.o, Were obtained for the starting material and product,

respectively. In these calculations the number of oxygen per unit

formula was assigned to 17.0. The formulae derived from X-ray data and

from EPMA data agreed very well with each other and the result clearly

shows that the reaction proceeded with equimolar exchange as in the case

of Kl.so beta-alumina.

         The cation distribution of Kl.s7s.Mg beta--alumina is a very

interesting problem, as there are more cation than the upper limit of

y=O•667 in Kl+yMgyAlll-yO17 which Newsam( 1982 ) predicted on the basis of

the "triply occupied mirror plane" concept. Furthermore, Collin gtL zl.

(1980 ) studied the cation distribution of Mg-doped potassium beta-alumina

up to y=O.62 . With the standard preparative method they were unable to

extend the synthesis of beta-alumina compounds beyond y=O.667; instead,

beta"-alumina having rhombohedral symmetry was obtained. The present
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compound Kl.s7s'Mg beta-alumina is one of the compounds or" the series

Kl+yMgyAlll-y O17, with y=O•875 far beyond O.667, which retains the funda-

mental beta-alumina structure. In Kl.667.Mg beta-alumina, it was assumed

that K-K-K triply occupied cells ( triplet cells ; K ions are situated at

the three mO sites ) and K singly occupied cells ( K ion is situated at

the BR site ) make up the structure in the rat io of 1 to 2( Boilot gt

21., 1981 ). For y=O.667, the occupation numbers per unit formula were

calculated to be O.667 and l.OO for the BR and mO sites, respectively.

The composition y=e.667 was considered to be the upper !imit of K-content

in Mg-doped potassium beta-alumina because there was no room for accommo-

dating the K-K-K triplet cells without coming in contact with other

triplet cells as a nearest neighbor. The distance between K at the mO

site of one cell and the nearest K at the mO of the neighboring cell was

considered by Newsam ( 1982 ) to be too short. In the present cornpound,

there are more cations than in the compound with y=O.667, so the excess

cation might occupy the aBR site. However, there are no aBR sites which

are far enough apart to avoid K-K interaction: all aBR sites are too close

to the occupied mO sites, at a distance of only about 1.75 A, even at the

composition of y=O.667. Accordingly it is appropriate to consider that

triplet cells would change into cells of an aBR - BR arrangement for

accommodating excess cations, as shown in Fig.4-8(b). According to this

model, the occupancy at the mO site would decrease and that at the BR site

would increase in proportion to the increment of cation content beyond

y=O.667. However, the results of refinement of Kl.s7s'Mg beta-alumina

clearly show that this model is not correct. Surprisingly the BR and mO

occupancies chaRged little compared with that of Kl.62.Mg beta-alumina, as

shown in Table 4-14, and also showed nearly the same values as the
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expected occupancies for Kl.667.Mg beta-alumina. The fact indicates that

there are triplet cells in contact with other triplet cells. The diffe-

rence in cation arrangement between Kl.62.Mg beta-alumina and Kl.s7s'Mg

beta-alurnina may be reflected in the positional parameters of mO sites.

As shown in Table 4-14, there are two mO sites in Kl.s7s'Mg beta-alumina•

One of the mO sites, x= O.82, is inside the usual mO site; some K ions

are displaced toward the BR site, which cannot be observed in Kl.62tr"lg

beta-alumina. This mO position, which K(4) occupies, seems to play an

important role. The distances between various sites in the same and

adjacent cells are given in Fig.4-6. The mO site at x=O.82 ( K(4)

position ) could coexist with the mO site at x=O.82 of the next cell

because the separation of 3.03 A is not too short as a K-K distance. The

K(4) position may be interpreted as the shift of K(2) to avoid a very

short separation to the nearest mO site. K(4) at x=O.82 itself cannot

coexist with the symmetrical equivalent K(4) in the same single mirror

plane, owing to the short distance of 2.61A between them. So it is

reasonable, considering the radius of the K ion, to assume the existence

of a K(4)-K(2)-K(2) triplet in contact with another K(4)-K(2)-K(2) triplet

via K(4) cations. Furtherrnore, from this K-K-K triplet arrangement in a

mirror plane, triple trÅ}plet-cel!s cluster as shown in Fig.4-7 may be

supposed to be produced, because a chain-like connection of the K-K--K

triplet can not exist in so far as the triplet is in a K(4)-K(2)-K(2)

arrangement. The triple triplet-cell clusters thus formed, referred to as

TTC-clusters below, enable some aBR sites to accommodate the extra K ions

as shown in Fig.4-8(a). As TTC-cluster formation occurs beyond the

y=O.667 composition, the occupation numbers at the mO and BR sites remain

unchanged in spite of the cation content increment beyond y=O.667. Table
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4-15 presents the occupancy as obtained from the refinement process and

that calculated from the TTC-cluster model for comparison; there is good

agreement between them. The rnaximum K-content by this TTC-cluster

mechanism would be y=O.889. Unexpectedly, the present compound Kl.s7s'Mg

beta-alumina is very close to this upperlimit of y=O.889. Fig.4-9 schema-

tically shows the supposed K ion arrangement in the mirror plane fer the

composition y=O.889 close to the composition of the present compound. In

the figure, TTC-clusters are so arranged as to avoid the contact with each

other, and no superstructure domains are formed. Beyond the y=O.889

composition, TTC-clusters would change into BR - aBR arrangement of

cations. This could be confirmed by preparing a specimen obtained by the

                                                                     'ion exchange of BaMgAlloO17 having no Ba-defects. In the Mg-doped

potassium beta-alumina system, it seems that the K ion resists the

formation of the BR - aBR configuration, judging from the formation of the

TTC-cluster.

4-5 Cation Distribution in the rvlLrror Plane
                         -

       As shown in the previous sections, monovalent cation distribution

in the ntrror plane can be explained by the "triplet model" for potassium

beta-alumina. Cation distribution of other beta-aluminas can also be

interpreted by this model. Sodium beta-alumina has a similar cation

configuration with that of potassium beta-alumina. Peters gt a,IL.( 1971 )

reported the site occupation number of Na at the BR site and the mO site

to be O.75(4) and O.52(5) per unÅ}t formula for Nal.2g beta-alumina. From

the triplet model, the site occupations would be O.78 and O.51, respec-
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tively. Furthermore, site occupation numbers per unit formula in

Agl.2s beta-alumina( Boiiot gtL a,1!,., 1980 ) were assigned to be O.815 and

O.435 for the "BR site" ( BRD(1)+BRD(2)) and the "aBR site"(aBR(3)),

respectively. If the "aBR site" with x=O.976 is considered as only caused

by the shift from the mO site, the triplet model can be also applied and

the number would be O.813 and O.438, respective!y. In this way, the

triplet model has a wide applicability to explanation of the cation site

occupancy in the mirror plane of beta-alumina compounds.

       At present, ionic conduction theory of beta-alumina is based on the

doublet configuration model proposed by Wang g!tL a,1;.( 1975 ), which was

later refined by Wolf( 1979) who took interstitial oxygen ions into

consideration. Ingram & Moynihan( 1982 ) discussed the mix-alkaline

effect in these lines. McWhan g!tL g,IL.( 1978 ) also presented doublet

configuration model by measuring the intensities of diffuse X-ray scat-

tering reflections. These results are contradictory to the triplet

configuration model deduced from the site occupancy obtained by X-ray

structure analysis. To reveal the causes of this discrepancy, preliminary

potential energy for each configuration was calculated.

4-5-1 Force Model

       In calculation of the potential energy, the foilowing terms are

taken into consideration:

   (1) Long range Coulomb energy, zie.zjelrij.

Here, zie and z je are the electric charge of each ions, and rij is the

distance between them. The summation of this term was according to the

Ewald method( Kittel, 1956 ). The computer algorism of the method was

according to Catti( 1978 ) and quick convergence conditions were
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calculated by using the method of Williams( l971 ). The program was

checked with the results of the energy calculation of SrC12 and Ti02( Yuen

gt g,1!,..,1974; Busing, 1970 )

   (2) Repulsion energy, f(pi+pj)exp[(Ri+Rj-rij)/(Pi+Pj)]•

This formulation is taken from Gilbert( 1968 ), and as yet, used by Yuen

s]t!. A,1;.( 1974, 1978 ) and Busing ( 1970 ), where f: factor for fitting R to

the ionic radii( Yuen gt2. g,1;., 1974 ), R: ionic radius( A ), and pi,pj:

hardness parameters( A ).

   (3) van der Waals energy, CiCjlrij•

Electronic polarizabilities Ci, Cj are taken from Yuen ect. a,1!,..( 1974 ),

and, partly, calculated as (314)Iicti. where (xÅ} is the ionic polarizability

and Ii is the ionization energy( Busing, 1970 ).

       Repulsion energy and van der Waals terms were also checked by

comparing the calculation results with those of Busing( 1970 ) and Yuen s2!tL

a,IL.( 1974, 1978 ). In reality, the repulsion and van der Waals terms

compensate with each other, so change in the total energy is dominated by

the Coulomb energy term and little affected by these short range potential

energy terms. The values used for the calculation are listed in Table 4-

16. The positional parameters are taken from Collin stt. ul.( !977) and

species of the cation( in the mirror plane ) is limited to potassium( K ).

Energy change for ions displaced from the ideal position was calculated

after the method of Dienes( 1948 ).

4-5-2 Calculation Results and Discussion

       Energy calculation was rnade on the following subjects:

(1) The energy change when a cation in a single mirror plane is displaced
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along BR-aBR line in the case of the stoichiometric beta-alumina

structure.

(2) The energy change in the triplet and doublet cation configurations

at various coordinates, and the difference of the energy between these two

configurations at their ntnimum energy levels.

(3) Estimation Qf the interactioa energies between doublets and .betweeR

triplets, in order to assume the total energy difference for both configu-

rat:ons.
                                  '
       The change in the potential energy was calculated as a function of

the cation position along the BR-aBR line. This calculation was already

accornplished by Wang s!Lt -1.( 1975 ). It can be calculated by the formula

F(x,2x,1!4) - z.z.e2/r.., where F(x,2x,114) is site energy of the
                zJ                       IJ
coordinates ( x,2x,1!4 ), and the second term represents the interaction

between the migrated ion and vacancy produced at the BR site. The result

is shown in Fig.4-10, which is almost the same as those obtained by Wang

et al.( 1975 ). The energy difference between the BR and aBR sites--amounts to approximately 3.0 eV.

       To calculate the equiliblium position of the doublet and triplet

configuration of the cations in the mirror plane, a doublet or triplet

cell was produced at a single mirror plane by adding extra ions, where

only one cell was altered with other cells being unchanged. In the next

step, a cation was placed at the 6h site near the BR site and moved along

BR-aBR line with simmultaneous migration of the other cations of the same

mirror plane to symmetrically equivalent position. To make the amount of

excess cations equal for each case, two cells are considered in the case

of the doublet configuration. Here, no interactiofi between them was taken

into account. The interstitial oxygens and Frenkel defects are not con-
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sidered in these calculations. The energy change in both configurations

are plotted in Fig.4-11. For the triplet case, the energy minimum is

observed at about x = O.95; for the doublet case, the rninimum is at about

x = O.88. The energy difference between these two configurations is shown

to be about 1.5 eV in their equiliblium positions. This corresponds to

the situation with extremely low amount of excess cations in the mirror

piane. The potential energy for two mirror planes with the BR-aBR confi-

guration is also calculated with the result of slightly higher( O.3 eV )

value than the most stable doublet energy level. In this case , the

interaction between BR-aBR cells was not considered, too. These results

indicate that the ceUs in the doublet configuration with x-coordinate =

O.88 would be formed in the case very small amount of excess monovalent

cations are introduced in a stoÅ}chiometric beta-alumina.

       Indeed, for a slightly nonstoichiometric beta-alurnina, doublet

cells would be formed, but the interaction between the doublet or triplet

cells cannot be ignored as the nurnber of excess cations increases. For a

given excess cation number, the cells with excess cations in the doublet

configuration are twice as many as those in the triplet configuration. So

in the next step, preliminary estimation of interaction between doublet

and triplet cells was made as shown in Fig.4-12. For doublet cells, the
interaction energy would be approximately e2/r, and, for triplet cells, it

would be 4e2/r, where r is the distance between the BR sites of the cells.

In this calculation, cation-vacancy interactions were also taken into

consideration( Dienes, 1948 ). Here two-dimensional small domains contai-

ning the same excess cations was considered for simplicity. The domain is

supposed to be surrounded by a stoichiometric beta-alumina matrix. The

total energy change of triplet or doublet cells inside the domain would be
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directly related to the relative stability of these configurations.

( Fig.4-13 ). In this way, the difference of interaction energy can be

estimated. For 9 x 9 domain, the energy difference between the doublet

and triplet configuration is almost 2.3 eV. This is equivalent to the

excess cation amount of x=O.11 per unit formula. As the energy difference

between two configurations without interactions is 1.S eV per one triplet

cell ( or per two doublet cells ), the interaction energy gain for two

triplet cells should be larger than 2 x 1.5 = 3.0 ( eV ) for attaining the

triplet configuration in this case. For 4 x 4 dofrsain, the difference of

energy amounts to almost 3.4 eV. In this case, triplet configuration

would be preferred. This is equivalent to excess cation x=O.25 per unit

formula. The complex interaction in the real cation arrangement was

oversimplified in these calculations, and more precise calculation should

be needed. Nevertheless, the tendency toward the triplet configuration of

beta-alumina containing a large excess cations was implied.

       In conclusion, the configuration of cations in the mirror plane

changes from doublet to triplet configuration according to increase of the

number of excess cations. For certification of this conclusion, further

structure investigations of beta-aluminas with various cation content are

required.
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 1.624
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Tab1e 4-1. X-ray powder

Ba beta-alumina

data for K+-exchanged

• ( Kl.sAln.oO17.2s )'
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Material BaO

Cemposition

 K20

     ee( molZ )

MgO A1203

Ba'Mg e'A1203
After K+-Exchange

13.75

O.32 13.S3

13.85

13.31

72.40

72.84

" by EPM

Tab1e 4-2. Cornposition of Ba Mg

after K+ exchange.

beta-alumina before and
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 2.246

 2.226

 2.13S

 2.037

 1.938

 1.839

 1.593

 1.563

 1.552

100

 Sl

  1

 4
  4

  1

  1

 4
  7

 18

 11

 3
 9
 3
 6
 7
 3
 6
 9
 s
  2

 s
  3

  1

Table 4-3. X-ray powder data

Ba beta-alumina. (

for Ni-exchanged

Nai.sAiii.oOi7.2s )'
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Formula

Syrmetry

Space group

      a=
      c=
      v=
      z •=
    D     obs.
    D     calc. =

 Kl.soAl11.oOl7.2s
  hexagonal
  P631ttunc

       o5.S98(1)A
        e22.732(5)A
616.g(2)X3

2

         -3 3.39 gcm
         -3 3.399 gcm

Tab1e 4-4. Crystallographic data        beta-alumina.of K    1.5
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The positional and therma1.
pararneters.

Position

Number per

 unit cell x z
Pnxio5 P22xloS P33xlO6 p23xio6 B

K(1)

K(2)

K(3)

6h

6h

6h

1.23(2)

1.45(S)

O.26(4)

O.6786(30)

O.8830(l2)

O.9672(49)

114

1/4

114

2083(192)

2364(206)

3734(1703)

570S(112S)

6073(652)

1949(1907)

384(39)

284(49)

723(320)

o

o

o

Al(1)

Al(2)

Al(3)

Al(4)
Al(5)'

12k

 4f

 4f

 2a

12k

IO.70(6)

4

4

2

 O.89(4)

O.8318(!)

  1/3

  1/3

  o

O.8377(14)

O.10426(3)

O.02430(5)

O.17454(6)

  o
O.1748(4)

484(23)

401(26)

9S4(33)

452(40)

3S8(29)

 t3,i

 (3,,

  e"

165(9)

148(16)

145(15)

227(24)

-96(54)

   o

   o

   o
o.4sse

O(1)

O(2)

O(3)

O(4)

O(5)
O(6)b

12k

12k

 4f

 4e

 6h

 6h

12

12

4

4

2

 o.s

O.IS75(2)

O.S033(3)

  2/3

  o
O.318(10)

-O.799(5)

O.04953(7)

O.I4626(8)

O.OS503(13)

O.14138(13)

   114

   1/4

 8t7(4S)

 592(39)

 709(63)

 471(56)

3060(770)

 4S6(S8)

 659(59)

  [3.

  e ,,

5905(3536)

227(18)

477(21)

205(33)

243(38)

121(64)

-40(1Ol)

-401(123)

   o

   o

   o
     eO.485

Åë The thermal parameters
         2hkP12 + 2hle13

S Interstitials.

o Fixed.

are of the
+ 2klP23)J.

form :
Pi2

expc-(h2en +

 a 1/2 P22 ;

k2e22 +

Pi3 -

 12p33 +

1/2 e23 .

Table 4-5. The positional and thermal parameters of K     1.5 beta-alumina.
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Number of bonds

Distance
    e  (A)

Al(1)

Al(4)

- O(1)

- O(2)

- O(3)

- O(4)

-- O(1)

Octahedral eoordination
2

2

1

1

6

2

1

1

1

1

.O12(2)

.8S7(2)

.9S3(2)

.836(2)

.897(2)

Al(2)

Al(3)

Al(S)

- O(1)

- O(3)

- O(2)

- O(5)

- O(2)

- O(4)

- O(6)

Tetrahedral coordination
3

i

3

1

2

1

1

1

1

1

1

1

1

1

.799(2)

.803(3)

.769(3)

.722(9)

.747(10)

.747(13)

.750(14)

K(1) -

-

-

O(2)

O(2)t

O(5)

Polyhedron 9-coordinated

  4

  2

  3

2

2

3

.811(13)

.907(17)

.24(9) (averaged)

K(2)

K(3)

-

.

-

-

.

O(2)

O(4)

O(5)

O(2)

O(4)

o(s)

O(5)'

Polyhedrop

Polyhedron

 .8-coordÅ}nated

  4

  2

  2

9-coordinated

  4

  2

  2

  1

3.024(7)

2.717(6)

2.87(8)

3

2

3

3

.

.

.

.

456(30)

490(7)

09<8) (averaged)

40(11)

Table 4-6. Interatomic distances of K 1.5 beta-alumina.
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Bond

   (

angles
e)

O(1) -

O(2)

O(1)

Al(1)

- Al(!)

- Al(4)

d

.

.

.

.

-

-

-

  Octahedral
O(1)t

O(2)

O(3)

O(4)

O(2)'

O(3)

O(4)

O(1)'

O(1)"

coordination

82.18(11)

91.16(10)

89.95(8)

84.34(9)

9S.2S(17)

86.41(11)

98.67(8)

88.38(8)

91.62(8)

O(1) --

O(2) -

O(2)

Al(2)

Al(3)

- Al(S)

O(4) - Al(S)

d

-

d

.

-

-

.

-

   Tetrahedral
O(1)'

O(3)

O(2)'

o(s)

O(2)'

O(4)

O(6)

O(6)

coerdination
110.33(6)

108.S9(6)

107..S7(8)

108.8(26)

103.45(6S)

106.56(44)

104.8S(8S)

128.2(17)

Tab1e 4-7. Bend angles of K              1.5 beta-alumina.

-125-



Occupancyand positional parameters of potassium P-alurninas

Ki.3o-pa K1.so- P

K(1)

K(2)

K(3)

x
     soccup.

x
     soccup.

x
occup .b

O.6887(3)

  1.S6(1)

O.8824(9)

  O.75(1)

O.9707(22)

  O.28(1)

O.6786(30)

  1.23(2)

O.8830(12)

  1.4S(5)

O.9672(49)

  O.26(4)

O(2)

O(4)

x

z

x

z

O.S027(2)

O.1454(1)

o.o
O.1411(2)

O.S033(3)

O.14626(8)

o.o

O.1414(1)

a

c

  lattice

      e 5. 602 A

      .22.734 A

parameters

         5
        22

.S98(1)

.732(S)

e
A
.
A

a Collin
b Number

9;t

of

al.(

-atorns

1977

 per

).

unit cell.

Table 4-8. Occupancy

potasslum

and positional

beta-aluminas.

parameters of
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Comparison of the                 Åëoccupation nurnber with the models.

    Ki.3o- i3

BR' mO' BR'

Ki.so- iB

mot

Wang's model

Triplet model

The result of

   refinement

o

o

o

.700

.77S

.78

O.600

O.S2S

O.52

o.

o.

o.

soo

625

62

1.

o.

o.

ooo

875

86

a The number of atoms per unit formula

Table 4-9. Comparison of

beta-a!uminas

  the

with

 occupatzon

the models.

nurnber in potasslum
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Formula K           1
Synunetry

Space group

       a=

c=
v=
z=

D       = calc.

.

s7sBao.o22Mgo.glgAllo.oslO17

   hexagonal
   P63/nvnc .

 5.6408(5) A
          o 22.645(3) A
 623.gs(g) X3

   2
          ..3  3.420 gcrn

.
o

Table 4-10. Crystallographic data of Kl.s7s'Mg beta-alumina.
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The posi.tioniil and thermal.
Åë

parameters of K 1.s7s'Mg P-alumina

Position

N"mber

 unit
 Per
cel1 x z

B1ixlo4 P22.lo4 633xlo5 P23xloS Bb
 eq.

K(l)

K(2)

K(3)

K(4)

Ba

Al(1)

Al(2)

Al(3)

Al(4)

O(1)

O(2)

O(3)

O(4)

o(s)

2d

6h

 2b

6h

 6h

12k

 4f

 4f

 2a

12k

12k

 4f

 4e

 2c

 L
 L
o.

o.

o.

12

4

4

2

12

12

4

4

2

34(3)

32(22)

39(8)

70(19)

   o044

  213

O.9112(39)

  o

O.821(12)

O.6717 d

O.8330(l)

  1/3

  1/3

  ()

O.1533(2)

O.S035(3)

  213

  o
  1/3

  1/4
  l14
   1/4

   1/4

   l/4

o.las21(3)

O.02481(6)

O.I7345(6)

  o

O.05150(7)

O.14714(7)
{).()S. 81 5< 16>

O.14389(15)

   114

333(15)

276(56)

685(148)

372(148)

30(2)

42(3)

40(3)

32(4)

 58(4)

 39(.3)

 37(5)

42(6)

137(13)

  Sll

 726(205)
  Pil
1212(565. )

31(2)

P11
ell

Pn

73(7)

42(5)
P 11

P 1i

PH

35(4)

38(8)

33(l8)

29(!2)

21(1)

23(2)

13(2)

19(3)

27(2)

28(2)

38(4)

32(4)

12(5)

o

o

o

o

 -4(5)

  o
  o
  o

-51(10)

 16(11)

  o
   o

   o

2

3

4

4

!

o

o

o

o

o

o

o

o

o

.

.

.

'

.

.

.

.

.

.

.

.

.

.

4(2)

O(12)

6(l9)

3(33)

  e14

34(16)

42(3)

34(4)

33(4)

59(6)

45(12)

SO(5>

49(6)

95(27)

a

b

c
d

e

The thermal parameters are of the form : exp(-(h2ell

       2hke12 + 2hlP:3 + 2klF23) . PI2 z t12 P22

B =413 ZZB. .a.a ..
                .1 eq. ;j IJtConstrained           n(K(1)+K(2)+K(3)+K(4)) x O.Ol18 = n(Ba)

Fixed.

Fixed i.sotropic temperat"re factor.

+ k2 e22 + i2F3.3 +

 ; P13 = ]/2 623 .

, n; occupation mtmber.

Tab1e 4-11. The

Kl.

  positiona! and thermal

s7s'Mg beta-alumina.

parameters of
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Number of bonds Distance   e(A)

Al(1)

Al(4)

Oetahedral

- O(1)

- O(2)

- O(3)

- O(4>

- O(1)

coordination

  2

  2

  1

  1

  6

1

1

1

I

1

.

.

.

.

.

985(2)

869(2)

943(2)

85i(2)

898(2)

Al(2)

Al(3)

Tetrahedral

- O(1)

- O(3)

- O(2)

- o(s)

coordination
3

1

3

!

1

1

1

l

'

.

.

.

860(2)

879(4)

766(3)

733(2)

K(1)

 Polyhedron

- O(2)

-• O(5)

9-coordinated

  6

  3

2

3

.

.

822(2)

2S68(3)

K(2)

 PoZyhedron

- O(2)

- O(4)

- o(s)

8-coordinated

  4

  2

  2

3

2

2

.

.

.

14(2)

555(l4)

921(30>

K(3)

 Poivhedron
    d
- O(2)

- O(4)

- O(5)

9-coordinated

  4

  2

  3

3

2

3

.

.

.

658(2)

403(4)

2567(3)

K(4)

 Polyhedron
- O(2)

- O(4)

- O(5)

8-coordinated

 4
  2

  2

2

2

2

.

.

.

80(5)

97(7)

82(9)

Table 4-12. Interatomic distances of Kl.s7s'Mg beta-alumina.
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Bond

  Kl

angles (O)

.s7s'Mg-F

Octahedral coordination

O(1) -•

O(2)

Al(1)

- Al(1) -

O(1) - Al(4)

O(1)'

O(2)

O(3)

O(4)

O(2)t

O(3)

O(4)

O(1)'

O(1)"

81

91

92

84

9S

84

98

86

93

.59(12)

.48(10)

.06(10)

.I4(10)

.22(14)

.72(11)

.64(10)

.20(8)

.80(8)

Tetrahedral coordination

O(1) -

O(2) -

Al(2)

Al(3)

O(1)'

O(3)

O(2)'

O(5)

109

108

109

109

.98(6)

.96(6)

.23(7)

.71(7)

Table 4-13. Bond angles of Kl.s7s'Mg beta-alumina.
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Occupancy and

 of Mg-doped

 positional parameters
potassium e-aluminas

Site Kl.62' Mg'P
Åë

K1.s7s' Mg- P

K(1)

K(2)

K(3)

K(4)

x
     }occup.

x
     ,
occup.

x
     )occup.

x

     boccUP.

BR

mO

aBR

mO

O.6716(10)

  1.37(1)

O.8844(6)

  !.88(1)

   -
   -

   -
   -

O.6667

  1.34(3)

O.9!12(39)

  1.32(22)

1.000

  O.39(8)

O.821(12)

  O.70(19)

a

c

 5.

22.

   lattice

      e608(2) A
       e56(1) A

parameters

        5
       22

.6608(5)

.645(3)

o
A
e
A

a
b

Collin

Number

9!t;

of

al.(
-atorns

1980

 per

).

unit cell.

Table 4-- 14 . Occupancy

Mg-doped

 and positional parameters

potassium beta-aluminas.

of
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Comparison of the          aoccupancy with the modei

Site Result of

Refinement
TTC-Cluster

  Model

BR

mO(1))

mO(2)

aBR

O.67

O.3S

O.66

O.195

O.667

O.313

O.687

O.208

Total 1.875 1.875

e
)

Number

!nner

 per unit

mO site.

formula.

Table 4-15. Comparison of

beta-alumina

 the

with

occupatlon

the "TTC"

  --133--

 number

model.

in Kl.s7s'Mg



!on Charge c R p

-----d-----------e-----------"-----------------i-p-

  K +i.o 3i.2a i.24b o.io6b
  Al +3.0 2.6 O.50 O.050
  O --2.0 52.80 1.41e O.2110
--------------------------p--------------------

a, Derived from C= (3

          ct. : ibnic
            1b• Gilbert( l968 ).

o. Yuen et al.( 1978

4)I.ciÅÄ ( I. :
   11         1
polarizability

).

ionizatlon
 ).

energy,

Table 4-16. Values of the parameters used in the energy calculation.
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(a) (h)

Fig.4-1. X-Ray diffraction patterns taken by the precession method

MoK radiation with Zr-filter.

(OOI), and (b) (100) planes.

shown by the long exposure.

reflections.

The incident X-ray beam is normal to

  Diffuse superstructure reflections

The hkl indices are based on the

uslng

  (a)

 were

Bragg
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      -ti
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'
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           t/

O,(6)

K(2)

K(3)

X

Fig.4-2.

 plane at

 startlng

 z

at

Fourier

 = 1/4.

    -3 5 eA .

sectzon

 Contour

showing the electron

lines are drawn with

density in

the interval

the

 of 5

mlrror
   -3 eA

-136-



s

m

s

                                       ,        ----' -ss "t--t      -" -b .--. '"--.. ...-.NK'-' S"..<r';." ...-A<<"" xs....N
                                     '-:<f"Ztl)> <:'sgL-lvii-l'lllli--- -=::[ig-i':vS.e

                                    tt
                                       '                                    s".Vlt                                     tt                                    .vs Cs                                    '                                      ls                                   t lv.

                                               (c)

e K e Al O spacer oxygen •:I:.• AI defect

@ interstitial oxygen @ interstitial Al

S spinel block m mirror plane

>

Fig.4-3. Schematic depiction of three

 stitute K               beta-alumina structure.          1.50
                                    --1 (b) K-K-Oi triplet ceU (K20'AlnO17) ,
           +2 (K3AlllO17) • (b) and (c) should be

 attaining charge neutrality.

 types of cells assumed to con-

(a) singlet cell (KAIIIO17)'

 and (c) K-K-K triplet cell

 in the ratio of 2 to 1 for
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'
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y
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x

Fig.4-4. Representation of the z = 114 sections of two dimensional aV5

 x ats superstructure arrangement in Kl.so beta-alumina. An aVii x

 aV5 superstructure cell is indicated by the dotted line. Filled circles

 represent K ions at the BR sites and the open circles are K or inter-

 stitial oxygens forming triplet cluster. Spacer oxygens are omitted. In

 this region, three singlet cells are changed into triplet cells, causing

 the discontinuity of the arrangement. The triplet clusters should be K-

 K-K and K-K-Oi in the ratio of 1 to 2 as a whole.
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Å~

Fig.4-7. Schematic representation of the triple triplet-cell cluster

 in the mirror planes, showing the shift of K ions in order to avoid

 the cation-cation interaction. In a single mirror plane, K(2)-K(2)--

 K(4) triplet is formed. Dotted circles indicate K ion at the mO position

 Of Kl.62'Mg beta-alunina.
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889

@

Fig.4-8. The change of cation configuration in the mirror planes of

 r"lg-doped potassium beta-alumina as y = excess cation per unit formula

 increases. Besides course (a) , there is an alternative course (b),

 but the the results of the refinement agree with the course (a).

 Closed circles stand for mO cations, shaded ones are BR cations, and

 open circles are aBR cations.
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Fig.4--9. Potassium ion distribution in the z=O.25 mirror

 doped potassium beta-alumina giving y=O.889 composition,

 little larger value than that of the present compound, Kl.

 alumina. Closed circles indicate BR and mO positions, while

 show aBR positions.
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Fig.4-12. Interaction between doublet cells and between triplet cells .
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9Å~9 4Å~4

Fig.4-13.

 formed in

 the cells

 number of

  Schematic depiction of 9x9 and 4x4 small domains which are

the stoichiometric beta-alumina matrix. Shaded cells represent

  with doublet configuration. In triplet configuration, the

cells with excess cations reduce to half.
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       5. CRYSTAL CHEMISTRY OF HEXAALUMINATES

       It is clear that the valence, ionic radius, and number of the

cations in the mirror plane have an important effect on the structure of

hexaalurninates. These influences may be classified into three categories:

 (1) The effect of ionic radius and charge on the structure type.

 (2) The effect of ionic radius on the mirror plane dimension.

 (3) The effect of the nurnber of the cation on the dimension of the mirror

     plane.

These are explained in the following sections. The Al defects in the

spinel block due to the Frenkel defect also have influence on the size of

the spinel block, which is to be dealt with in the final section.

5-1 Effect gf. !onic Radus and iC:"a!:ggh g!tL Structure .Tt,>ll2g

      The structure type of the hexaaluminates are shown in relation to

the ionic radii and charge of the cation in the mirror plane in Fig.5-1.

The data were partly from Stevels & Schrama-de Pauw( 1976 ), Verstegen &

Stevels( 1974 ), Dyson and Johnson( 1973 ) and other references cited in

the previous chapters. These hexaaluminates are confined to non-doped

ones; namely Al ions in their spinel blocks are not substituted for other

ions, and to the compounds directly synthesized from the component

oxides. The hexaaluminates obtained only by the ion exchange reaction

are omitted in the discussion because they are not considered to be

stable. The values of the ionic radius were taken from Shannon & Prewitt

( 1969 ) for the 8-coordination.

Ionic Radii and Structure !
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       In the series of the hexaaluminates containing divalent cations in

the mirror plane, the relation between ionic radii and structure type is

typically shown. Small divalent cations such as Mg can not form a compound

with the structure related to beta-alumLna or magnetoplumbite. And hexa-

alumintes containing cations with ionic radii in the range 1.1 A to 1.33

A( ionic radius of the 8-coordination ) would form a magnetoplumbite type

structure. !n the case of the ionic radii larger than 1.33 A, a beta-

alumina structure would be preferred. The change in the two M-O lengths

( M: cation at the BR site; O: oxygen surrounding M ) of the magnetoplum-

bite type compounds due to ionic radius are very interesting and provide a

key to understand the upper limit of ionic radius 1.33 A for the magneto-

plumbite structure. In the magnetoplumbite structure, a large cation is

coordinated by 12 oxygen ions: six O(2) ions at the 12k sites and six O(5)

ions at the 6h sites. Bond lengths M-O(2) and M-O(5) are plotted JL;t. the

ionic radius in Fig.5-2. M-O(5) length shows little increase, which

indicates the rigid octahedral connection. On the other hand, M-O(2)

increases steeply according to the enlargement of the cation size. The

difference between M-O(2) and M-O(5) becomes smaller as the cation radius

increases; finally the lengths come to agree when the lines are extra-

polated. As M-O(5) length would not change due to the repulsion of O(5)

ions, the point where M-O(2) and M-O(5) is equal can be supposed to be the

upperlimit of the magnetoplumbite structure. This corresponds to the

ionic radius of 1.33 A( 8-coordination ). This means that the hexaalumi-

nates containing the cations with ionic radii above 1.33A would not take a

magnetoplumbite structure due to severe steric hindrance. The cations

with ionic radii below 1.33A can take either beta-alumina or magneto-

plumbite structure as the case may be. In this case other factors such as
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ionic charge and extent of defect to be expected for the supposed struc-

ture type should be taken into consideration. The chemical formulae of

beta-alumina and magnetoplumbite differ a little, so the amount of defect

supposed to be created in each structure type if a certain cation is

incorporated would be different in each case. If the ionic raius condi-

tions are met, cations rnight be accommodated in the less defective struc-

ture. In the case of the hexaaluminates containing mono-valent cations,

magnetoplumbite structure is not conceivable without creating a huge

amount of defects. This preference for less defective structure is also

an important factor in considering the structure type of hexaaluminates in

addition to the valence to be discussed below.

}C:!}s21:ggh andStructure.Tl.>u2g

       Pauling ( 1967 ) postulated that formal valence of the anion is

close to the bond strength received from the adjacent cations in the

stable compounds. By using this criterion, the charge of the cation in

the mirror plane required for the ideal stoichiometric beta-alurnina and

magnetoplumbite structure can be presurned. In this case, valence of a

bridging oxygen was assigned to -2.0. For beta-alumina, ideal cationic

charge is estimated to be 1.5. This implies the cationic charge in the

mirror plane is insufficient for the stoichiometric composition MAInO17

(West, 1979 ). This rough estimation is supported by the potential energy

calculation for the sites in the ideal stoichiometric beta-alumina struc-

ture. The site energy of the bridging oxygen is lower than those of

oxygens at the other sites. It may be one of the reasons for excess

cations to be accommodated in the mirror plane. Furthermore, for the

beta-alumina structure, a divalent cation in one mirror plane exhibits a
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little excess in positive charge, so it would contain more oxygen ions or

it would contain defects of divalent cations in the mirror plane. Such

trend favors the Ba beta--alurnina formation.

       On the other hand, the ideal cationic charge for a magnetoplumbite

structure is assumed to be 2.4. For divalent hexaaluminates, slightly

more cationic charges are needed, but there are no more space to accomrno-

date further cations. Thus, fully occupied typical magnetoplumbite struc-

ture is formed. For the case of hexaaluminates containing trivalent

cations, the cationic charge is so large that the reduction of the amount

of cations in the mirror plane is needed. This trend suffices the condi-

tion that Ln hexaaluminates forms. For monovalent cations, magneto-

plumbite structure is not adequate because cationic charge is extremely

srnall and bridging oxygen would be underbonded.

       In conclusion, as the cation charge in the mirror plane increases,

the magnetoplumbite structure becomes favorable. And, as the cation size

increases, the beta-alumina structure would be more stable.

5-2 Effect of Ionic Radius on Mirror Plane Size
            --
        It is known that the c-value of the lattice parameters becomes

!arger as the radius of the monovalent cation in the mirror plane

increases( Kummer, 1972 ). Newsam & Tofield( 1981b ) also described the

tendency of the c-value to decrease according to the increase of the

cation population in the rnirror plane. However, this trend was not

general, as they themselves pointed out. For example, Kl.3 and Kl.s beta-

aluminas are shown to have almost the same c-axis parameter of 22.73A.

More general parameters than the c-value is proposed to describe the

microstructural effects of cation population and radii.
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         cations in the mirror plane are coordinated by 6 oxygens at

     sztes just above and below the mirror plane in addition to 3

      the mirror plane ( in the case of beta-a!uminas ) or 6 oxygens

   mirror plane ( in the case of rnagnetoplumbites ). The change of

        radius of the cation may affect the coordinates of oxygens.

      cation-oxygen distance is smaller for M-O(12k) than for M-O( in

      plane ), so these oxygen ions at the 12k sites would be direc--

influenced by the change of cation species or population. Since the

      parameter change of oxygen at the 12k site was observed in the

        in the case of K beta-aluminas, the present author( Iyi s!t;

        ) defined the distance between O(2) at the 12k sites just

     below the mirror plane( z=O.25 ) as the "thickness of the mirror

        ) as shown in Fig.5-3. In a sirnilar way, the "thickness of

      block"( S12k ) was defined. This is measured across the spinel

    These hold the equation; c/2 = M12k + S12k• When oxygen ionS at

        are taken as a standard, M4e and S4e may be defined similar-

     these are not sensitive to the cation species or population but

        structure because an Al ion is introduced between oxygens at

        in the magnetoplumbite structure, so discussions are confined

        12k in the present thesis.

        between Mirror Plane Thickness and Ionic Radius

       As

larger.

the linear

limit it     '

the catÅ}on radius become larger, the distance M12k would be

This relationship is shown in Fig.5-4, which clearly indicates

relation with, however, the lower limit of 4.6A. Below 4.6A

 is the region of the magnetoplumbite structure. This lowest
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limit may be determined by the distance of Al-O-Al which bridges the

spinel blocks. The M12k distance would be ideally 4.67A if tetrahedral

Al-O distance is assumed to be 1.752A( Bauer, 1981 ). The maxirnum defor-

mation may correspond to the limit of 4.6A thickness. The dependence of

      thickness on the ionic radius was also observed in the magneto-M 12k

plumbite structure, in spite that it appeares to have more rigid structure

than beta-alumina. As the ionic radius increases, the value M                                                                 becomes                                                              12k

larger. In a similar manner to beta-alumina, octahedral Al-O-Al face-

sharing connection directly related to the M12k value, which can be ideal-

ly calculated as 4.41A if the average octahedral Al-O distance is assumed

to be 1.909A. These values do not necessarily reflect the real distance,

but, in reality, increase of rvl12k up to 4.6A would deform Al(VI)-O-Al(VI)

connection with three oxygens at the 6h sites coming closer to each other.

                                                                   '

 5-3 Effect g!fL Cation IPIgR!!las!gul t n g!tL Mirror Plane Thickness

                                     beta-alumina and K                                                             beta-alumina       The values ofM                           for K                                                        1.5e                                l.30                        12k

are 4.756A and 4.716A, respectively. Here, the contractÅ}on of the

"thickness of the mirror plane" by O.040A can be observed. ( The values

M4e are 4.952A and 4.938A for Kl.3o beta-alumina and Kl.so beta-alumina,

respectively. The difference of O.O14 A is little when compared with the

difference of M12k. The excess cation might effect the distance M12k more

than that of M4e. ) Well investigated Ag beta-alumina compounds shows the

same tendency for M12k( Fig.5-5a ). At the temperature of 4 K, stoichio-

metric AgAlllO17( Newsam & Tofield, 1981 ) has 4.68A of lvl12k; on the other

hand, cation excess Agl.4s beta-alumina( England s2!t: g,IL.,1982 ) has smaller

value 4.60A of M12k. This relation is also true for Agl.o beta-alumina(

Boilot ect. 21.,1980 ) and Agl.33 beta-alumina( Roth,1972 ) at room tempera-
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ture.

      In non-doped beta-alumina compounds, the content of cations is

directly related to the amount of interstitial oxygen in the mirror plane

due to the Reidinger defect. The contraction of the mirror plane thick-

ness M12k may be attributed to Ali-Oi-Ali ( i; interstitial ) connection,

pulling the spinel blocks as Newsam & Tofield( 1981b ) considered.

However this may not be correct. !n Fig.5-6, the M12k values of Mg-doped

K beta-aluminas are also plotted )Lt. the cation population per unit cell.

Of course, there are no interstitial oxygens or Al ions in the mirror

plane in these Mg-doped beta-aluminas. Nevertheless, the trend of M12k

contraction can be seen from Fig.5-6. 0n the basis of these facts, it is

concluded that cation population itself affects the M12k distance•

      Another example showing this effect is barium hexaaluminates. Ba

beta(II)-alumina was revealed to have perfect and defect layers in the

previous chapter. The perfect layer contains 1.0 Ba ion in a single

mirror plane, and M12k can be calculated in a similar way for the perfect

layer. The M12k values of Ba beta-alumina, Ba.rvlg beta-alumina and the

perfect layer of Ba beta(II)-alumina are plotted y;t. Ba-content in the

Fig.5-7. The result agrees well with the above assumption.

                            increase can be attributed to the change in      The cause of the M                         12k
the local electronic charge in the hexaaluminate structure. As the number

of the cation increases in the mirror plane, positive charge concentrates

in this layer; on the other hand, spinel block becomes more negative in

charge relatively. Accordingly, spÅ}nel blocks are pulled closer to each

other by the attraction of the mirror plane as the excess number of cation

.Increases.

      Thus, it seems that the mirror plane thickness M12k shows monotonic
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decrease as cation population becomes large, although the behavior of M12k

contraction near the lowest limit of 4.6A still remains unclear. In

magnetopluinbite system of La hexaaluminate, which slightly varies in the

La-content according to the divalent cation content in the spinel block,

the contraction of M12k was not observed, probably because the mirror

plane is too rigid to be influenced by the cation content.

5-4 Frenkel Defects and :SiRELggll Block Thickness

       The distance S12k for Kl.3o beta--alumina is 6.611A and that for

Kl.so beta-alumina is as large as 6.650A. The contraction of M12k and

enlargement of S12k owing to the excess potassium ion in the mirror plane

compensate each other to make little difference of the lattice parameter c

between Kl.3o beta-alumina and K!.so beta-alumina. This relation is shown

in Fig.5-5a,b. The increase of S12k might be attributed to the concentra-

tion of Al defect in the spinel block. This is also the case with Ag

beta-alumina as shown in Fig.5-5a,b. Surprisingly, in spite of the c-axis

variation according to the species of the monovalent cation, the values

of S12k of the non-doped monovalent beta-alumina compounds( s2.:.a., Peters

gt s},1;.,1971; Roth, 1972; Kodama & Muto, 1976 ) having the x-level of about

O.3 , namely having the same amount of Al defects within the spinel block,

are confined to the range of 6.59 -v 6.61 A. A slight smaller value of

6.58A in Tl beta-alumina( Collin et al., 1977 ) is due to smaller amount
                                --
of the excess cations. The values of S12k are plotted Lt. Al(1) vacancy

for magnetoplumbites as well as beta-aluminas in Fig.5-8. Save for the

S12k of Ca hexaaluminate and Kl.s beta-alumina, the relation between the

spinel block thickness S12k and Al-vacancy are clearly indicated. This is

because the defects of Al in the spinel block, which is equivalent to
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putting negative charge there, drives the neighboring negatively charged

oxygen ions away causing the expansion of the spinel block. Of course, Al

vacancy is not the only factor determining the S12k value. For exarnple,

M12k of Ba beta-alumina and Kl.s beta-alumina have a slight different S!2k

value, in spite there are same amount of Al-vacnacy content. As far as

non-doped monovalent cation containing beta-alumina compounds are con-

cerned, it can be assumed that the mirror plane thickness M12k reflects

the population and the radius of the cation in the mirror plane, and that

the spinei block thickness S12k might reflects mainly the defect concent-

ration in the spinel blQck. However, accurate positional parameters of

the beta-aluminas with various cation contents are needed to draw a more

precise conclusion.
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                        6. SUMMARY
                        .

       The crystal structure and defect mechanism of several hexaalumi-

nates containing mono-, di-, trivalent cations in the mirror plane was

analysed by using the X-ray single crystal diffraction data in order to

clarify the effects of the large cations on the hexaaluminate structure

and to explain their nonstoichiometric cornposition.

(1) The least-squares refinement of lanthanum hexaaluminate ( Lao.s27

Alll.gOlg.og ) was accomplished using single crystal X-ray diffraction

data. The result of the final anisotropic refinement, corresponding to an

R-value of O.039, revealed the structure of a magnetop!umbite type. In

the structure interstitial Al ions were found, which were probably formed

by the Frenkel defect mechanism. These interstitial Al ions were supposed

to be situated in a pair making a bridge between spinel blocks while

causing Al and La defects in the mirror plane( z=O.25 ). The nonstoichio-

metry of lanthanum hexaaluminate was attributed to these defects. By

combination of perfect cglls "LaAl1201g" and defect cells "AlnOlg," the

nonstoichiornetric cornposition was explained well.( Section 2-2 ).

       The structure of neodymium hexaaluminate was also revealed to be

the same with that of lanthanurn hexaaluminate. The final R-value was

O.044.( Section 2-3 ).

(2) The crystal structure of lead hexaaluminate ( PbAll201g ) was

analysed. It was revealed to have a typical magnetoplumbite structure.

( Section 3-2 ).

       The crystallographic relation between barium hexaaluminate phase 1
              .
and phase II, which had been considered as the single compound "barium

hexaaluminate ( BaAl1201g )," was investigated using principally the
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electron diEfraction method. Phase I has a formula Bao.7sAlll.oO17.2s and

it was revealed to have a beta-alumina structure with space group P631mmc.

On the other hand, phase II ( Ba2.34A121.o033.s4 ) exhibits an aV5'x aVI;

superstructure. ( Section 3-3 ).

       The c.rystal structure of barium hexaaluminate phase I ( Ba                                                                    O.75

Aln.oO17.2s ) was determined by sing!e crystal X-ray ref!ection data.

The refinements were carrÅ}ed out by the least-squares method to give a

final R-value of O.023. The structure was revealed to be essentially of a

beta-alumina type and the Ba ion was detected only at the 6h site near the

BR site. The charge compensation for nonstoichiometry was found to be

principally effectuated by the interstitial oxygen due to Frenkel defects

of Al ions. The structure was supposed to be made of two types of cells;

perfect cells "BaAlllO17" and defect cells "OAInO17" in a 3:1 ratio.

From structural point of view, phase r was referred to as "bariurn beta-

alumina." ( Section 3-4 ).

       A refinement was performed on the average crystal structure of

barium lead hexaaluminpte phase II ((Bao.sPbo.2)2.34A121.o033.s4 ) bY

using single crystal X-ray diffraction data, giving a final R-value of

O.030 with space group symmetry P6m2. The structure is essentially of a

beta-alumina type, but contains a lot of defects and interstitials. The

phase IX hexaaluminates were referred to as beta(Ir)-aluminas. Inside the

spinel block were found Ba(Pb) ions at the 12-coordinated polyhedral

sites, formed by the complex defects, including triple Reidinger defects,

in the same unit cell. Barium lead hexaaluminate phase I! was found to

consist of two kinds of unit cells with formulae "(BaPb)3.oA12o.o03s.o"

and "Ba2.oA122.o034.o" in a l:2 ratio; these three cells combine to form

aV5'x aVlibsuperstructure. Intergrowth between barium beta- and beta(II)-
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alumina as well as "APB" of Barium beta(II)-alumina were interpreted by

their structures. ( Section 3-5 ).

       The crystal structure and composition of Mg-doped bariurn hexa-

aluminate was also made clear. The final R-factor was O.031. The struc-

ture was beta-alumina type. ( Section 3-6 ).

(3) The ion exchange reactions of divalent Ba ions in barium beta-

alumina and Mg-doped barium beta-alumina by monovalent cations were shown

to occur in a manner that monovalent cations twice as many as Ba ions

enter into the mirror plane. In this way, highly nonstoichiornetric beta-

aluminas containing monovalent cations were synthesized. ( Section 4-2 ).

       Crystal structure and cation distribution of highly nonstoichio-

metric potassium beta-alumina Kl.soAlll.oO17.2s have been studied by

single crystal X-ray diffraction. The single crystal was obtained by the

ion-exchange from bariurn beta-alumina ( Bao.7sAlll.oO17.2s ) and the

least-squares refinement was accomplished with a final R-value of O.029.

The occupation of K ion in the mirror plane ( z=O.25 ) was explained by

assuming the three typgs of cells; singlet cell ( KAIIIO17 ), KdK-K

triplet cell ( K3AlnO17 ), and K-K-Oi triplet cell ( K20'AlnO17 ) where

Oi stands for interstitial oxygen. This model was shown to be applicable

to the ordinary potassium beta-aluntna( Kl.3oAln.oO17.ls)• (Section 4-3)•

       The crystal structure of Mg-doped potassium beta-alumina

Kl.s7sBao.o22Mgo.glgAllo.oslO17.o( Kl.s7s'Mg beta-alumina ), obtained by

ion exchange from Bao.gssMgo.g62Allo.os6017.o( Bao.gss.Mg beta-alumina ),

has been refined from single crystal X-ray data with a final R-value of

O.034• Kl.s7s'Mg beta-Alumina contains an extremely large number of K

ions while retaining the fundamental beta-alumina structure and space

group symmetry P631mmc. The structure was found to be consistent with a
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model composed of singly occupied cells containing a K ion at the BR site

and triplet cells containing three K ions at the mO sites, as in the case

Of Kl+yMgyAln-yO17 with y=O.62. The extra cations were assumed to be

accommodated in the aBR sites created by clustering of three triplet

cells. The occupancies of K ion sites calculated by this model agree well

with those obtained by the refinement. The structure of Bao.gss'Mg beta'

alumina was also refined, yielding R=O.031. ( Section 4-4 ).

       Energy calculation was made to see the energy difference between

doublet and triplet configurations. Preliminary estimation of the inter-

action between doublets and between triplets indicated the tendency of the

cation arrangernents changing into the triplet configuration as the amount

of excess cations increases. ( Section 4-5 ).

(4) lt was made clear that the cations in the mirror plane have an

important effect on the structure of the hexaalumintes. Four aspects of

the structural effects were discussed: (a) The effect of ionic radii and

charge on the structure type. (b) The effect of ionic radii on the mirror

plane size. (c) The e#fect of the number of the cations on the mirror

plane dirnension. (d) The influence of Al defects in the spinel block on

the spinel block size.

       The cations with ionic radii lower than 1.1 A forrn neither beta-

alumina nor related compounds. The cations with ionic radii larger than

1.33 A can not be accomodated in the magnetoplumbite structure due to

steric hindrance. As the cation size increases the beta-alumina structure                                             '

is more favorable. For the cations with ionic radii between 1.1 and

1.33A, their valence and the number of defects are the important factors.

The magnetoplumbite structure is more favorable as the cation charge

lncreases.
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       The microstructural effects due to the ionic radii and population

of cations in the mirror plane were investigated, using the concepts of

"mirror plane thickness" and "spinel block thickness." The mirror plane

thickness contracts according as the ionic radius of the cation decreases,

and as the population of cation in the mirror plane increases. On the

other hand, spinel block thickness increases according as the amount of

the Frenkel defects increases.( Chapter 5 ).

(6) In conclusion, (a) as for the structural aspect, the structure type

is determined by the ionic radii and charge of large cation in the mirror

plane, and mirror plane size is varied due to the ionic radii and popula-

tion of the cation, and, (b) as for the compositional aspect, the cause of

the nonstoichiometry is essentially attributable to the Frenkel type

defects of Al ions adjacent to the mirror plane, and the nonstoichiometric

composition can be clearly explained by the structure model in which cells

containing defects ( defect cells ) and cells without any defects ( per-

fect cells ) are considered as the cornponents of hexaaluminates.
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