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The crystals of a new phase, Ba,Mg Al O_, recently con-
firmed to exist in the system BaO-AL,O,-MgO, were grown by
the floating zone method, and its crystal structure was deter-
mined by using single-crystal X-ray diffraction. The space group
was P6m2 with lattice parameters a = 5.638 A and ¢ = 31.983 A.
Structure refinement revealed stacking of conduction layers of
the p-alumina-type (BaO) separated by an extended spinel block
((ALLMg),.O, ). This is the same structure with Naf"'-alumina
whose ideal formula is Na,0-4MgO-15AL0, (Na,Mg,

AleSO). © 1998 Academic Press

INTRODUCTION

The hexaaluminates exhibit layer structures, which con-
sist of so-called “conduction layers” and spinel blocks stack-
ing alternately in the ¢ direction (1, 2). The difference of the
conduction plane defines two major structure groups: mag-
netoplumbite-type and f-alumina-type (2). Modification of
the conduction layer and the spinel block stacking sequence
leads to further variations of the hexaaluminate structure.

f-Alumina is well known for the Na hexaaluminate (3);
however, magnetoplumbite or f-alumina structures have
been also known to incorporate alkaline earth elements
(4-14). The structure refinements have revealed that Ca and
Sr hexaaluminates were of magnetoplumbite-type (4-6) and
that Ba hexaaluminates were of -alumina-type (10-14). In
the case of Ba hexaaluminates, two kinds of Ba ff-alumina-
type compounds were found, Ba, Al ,O,;,; and
Ba, ;;Al,; 3305, 55 (7-9), and their structures were ana-
lyzed (10-14).

The small divalent cation Mg? " is not incorporated in the
conduction layer but does replace AI** ions in the spinel
block (15). The difference of their ionic valences causes some
kind of modification in the structure. In the case of the
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Ca0-Al,03;-MgO system, addition of MgO does not result
in a change of the magnetoplumbite-type conduction layer
but in an expansion of the spinel blocks by insertion
of a spinel unit (Mg,Al,Og), as revealed in CAM-I
(Ca,Mg,Al,30,46) and CAM-II (CaMg,Al;60,-) (16,17).
In contrast, in the case of the SrO-Al,O;—MgO system, the
conduction layer is changed from magnetoplumbite-type
(SrAl;,0;4) to f-alumina type (SrMgAl;,O,;, SAM-II)
with an intermediate phase SAM-I (Sr,MgAl,,03¢), in
which two types of the conduction layers (f-alumina- and
magnetoplumbite-type) stack alternately and are separated
by normal spinel blocks (18). As for the BaO-Al,O;—MgO
system, three phases were reported: BaMgAl; (O,
BaMg,Al,,0,,4, and BaMg;Al,,0,5 (19,20). So far, only
the BaMgAl;,O,, phase was confirmed, and its structure
was determined to be of typical f-alumina-type (21). As for
the other two phases, their existence has not been con-
firmed.

Recently, we conducted a phase study of the system
BaO-Al,03;—MgO (22,23) and were able to confirm the
presence of the BaMg;Al;,0,5 (= Ba,MggAl,505,) phase
but not the BaMg,Al;,0,, phase. Single-crystal growth of
Ba,MgsAl,505, was attempted, and single crystals for
structure determination were successfully obtained.

The details of the phase study are presented in Part I of
this series (see Ref. (23)). In the present paper, the crystal
structure of the new phase Ba,MggAl,505, (BAM-II) is
reported.

EXPERIMENTAL
Crystal Growth

High-purity reagents BaCO3;, MgO, and Al,O; (99.9%
Kojyundo Co.) were mixed in stoichiometric ratios under
acetone in an agate mortar. After calcination of the homo-
genized batches at 1100°C, the powder was hydrostatically
pressed to give rods of suitable size. The sintering was
conducted in a molybdenum-wound resistance furnace at
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1700°C under an oxygen atmosphere. For crystal growth,
an infrared radiation convergence type FZ apparatus (24;
Nichiden Machinery Ltd., NEC) equipped with a xenon
lamp as the heat source was used. The growth rate was
2mm/h in air. The resulting crystals were compositionally
analyzed by EPMA (electron probe microanalyzer, JEOL
JXA-8600) and used for the X-ray diffraction study.

X-Ray Data Collection

Several crystal cubes were cut from the obtained boule,
and they were ground to spheres. Their crystallinity and
symmetry were checked by X-ray photographic methods.
A sphere with radius of about 110 um was selected for
further analysis by single-crystal X-ray diffraction. Pre-
cession and Weissenberg photographs revealed that BAM-
IT belonged to the hexagonal crystal system. On the basis of
the existence of the reflections with [ = 2n + 1 for hhl as well
the absence of superstructure reflections, the space group
P6m2 was assigned. The specimen was mounted on an
automatic four-circle diffractometer (Enraf-Nonius, CAD-
4), and the intensities were measured using graphite-mono-
chromatized MoKu radiation (4 = 0.71068 A) in the 20-w
scanning mode up to 20 = 80°. Reflections with h > 0,
k>0, 57 >1> — 57 together with their Friedel pairs.
Lorenz and polarization corrections were applied. The ab-
sorption due to the crystal shape was corrected (25) by using
a linear absorption coefficient (33.95cm ™). A set of four
standard reflections was used to monitor the data acquisi-
tion procedure. Merging the intensities from four sets of
symmetry-equivalent reflections and omission of the reflec-
tions with I < 3g(I) gave a total of 705 nonzero independent
reflections. The larger of two types of a(F) for each reflec-
tion, i.e. the o(F) based on the counting statistics or the o(F)
calculated by the averaging of the equivalent reflections, was
used as the weighing factor in the least-squares refinement
(w = 1/o(F)?). The weighted agreement factor among equiv-

alent reflections was WR =YW|F — Fyyeragel/SWIF| =
0.042.
Refinement

The full-matrix least-squares refinement was conducted
by using the modified version of RSFLS-4 program (26)
with neutral scattering factors (27). The Fourier syntheses
were done using RSSFR-5 (28). Anomalous dispersion ef-
fects of Ba and Al were taken into account.

The lattice parameters of both compounds were also
determined on the basis of 20 data (20 reflections with a 26
range of 55-65°, MoK, radiation, 4 = 0.70926 A) collected
on the four-circle diffractometer. Error values in paren-
theses with no decimal point correspond to the least signifi-
cant digit in the function values.
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FIG.1. The structure of BAM, shown by section at various z-values.
Large filled circles represent the large cations (Ba?™), small filled circles are
Al ions, and large open circles are oxygen atoms.

RESULTS AND DISCUSSION

The final anisotropic refinement converged successfully to
yield R =Y||F,| —|F.||/S|F,| =0048 (WR = (Yw(F,| —
[F)?/Ewl F, )12 = 0.063, S = [Yw(F,| — [F[)*/m —n)]'?
= 1.33) . The polarity due to the anomalous dispersion of
Ba and Al was examined by refining the model with all
hkl’s replaced with the Friedel pairies Ak [’s. The ratio of
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TABLE 1
Crystallographic Data for BAM-II

Symmetry Hexagonal
Space group P6m2
Cell const. a=563802) A
¢ =31.983(5) A
V =880.4(3) A3
z=1
Formula“ Bal.84(4)MgS.O(Z)AIZS.S(Z)OSO
Formula (ideal) Ba,MgAl,505,

“Experimental value, determined by EPMA.

wR(hkT)/wR(hkl) was found to be 1.08. Maximum residual
electron densities in the final difference Fourier maps were
+ 7.0¢/A3 at (0, 0, 0.5) and — 4.5¢/A> at (0, 0, 0.47). No
secondary extinction effect was observed. The crystallo-
graphic data are listed in Table 1, and their positional
parameters, bond lengths, and angles are listed in Tables
2,3, and 4, respectively.

The refinement revealed that the structure of BAM-II is
an alternate stacking of f-alumina type conduction layers
and elongated spinel blocks in the ¢ direction. This structure
is the same as the so-called Na f5"”-alumina ideally expressed
as Na,Mg,Al;(Os, (29, 30), which has a narrow composi-
tional area in the Na,O-Al,03;—-MgO system. A similar
structure was also found in a CaMg hexaaluminate by the
present authors (16, 17) but with the conduction plane of the
magenetoplumbite type.

Replacement of trivalent Al°™ ions in the spinel block by
Mg?" causes a necessary modification in the structure due
to the difference of their ionic valences. In the previous
paper (18), we pointed out two types of possibilities to
incorporate Mg in these hexaaluminate structures contain-
ing divalent Ca, Sr, or Ba cations.

13+

Type I. Mg replaces Al in the spinel block with modifi-
cation of the conduction layer, changing the defect or con-
duction layer type (magnetoplumbite or f-alumina) and
thus attaining a charge compensation.

TABLE 2
Positional and Thermal Parameters of BAM-II

Positional parameters”

Thermal parameters® ( x 10%)

Number per

Atom Site unit cell X z U, U,, U, U, chc
Ba(1) 3 0.87(1) 0.010(5) 0 288(103)  42(22) 224(115) 0 1.35(77)
Ba(2) 1b 1 0 1/2 171(10)  131(25) 0.5U,, 0 1.24(9)
Al(1) 6n 6 0.1652(15) 0.1019(4) 205(28)  196(36) 113(43) 36(22) 1.56(30)
Al(2) 6n 5.73(4) 0.4984(18) 0.2505(6) 74(12) 58(12) 29(18) 23(18) 0.57(15)
Al(3) 6n 6 0.8320(9) 0.3972(3) 0.178(3)
Al(4) 2g 2 0 0.1956(7) 93(30) 90(45) 0.5U,, 0 0.73(20)
Al(5) 2g 1.74(5) 0 0.3072(8) 56(29) 78(47) 0.5U0,, 0 0.50(20)
Al(6) 2h 2 1/3 0.3417(6) 1.00(9)
Al(7) 2h 2 1/3 0.4460(4) 0.111(5)
Al(8) 2i 2 2/3 0.0525(5) 270(29) 94(54) 0.5U,, 0 1.67(22)
Al©9) 2i 1.77(5) 2/3 0.1600(6) 0.372(7)
Al(10) 2h 2 1/3 0.1768(6) 92(20)  341(75) 0.5U,, 0 1.38(23)
Al(11) 2i 2 2/3 0.3215(4) 0.03(1)
O(1) 6n 6 0.8396(17) 0.0718(8) 0.88(1)
0(2) 6n 6 0.4897(19) 0.1400(7) 0.55(1)
O(3) 6n 6 0.1777(16) 0.2150(7) 0.60(1)
04) 6n 6 0.8132(17) 0.2832(7) 0.85(1)
O(5) 6n 6 0.5166(19) 0.3564(7) 0.78(1)
O(6) 6n 6 0.1652(19) 0.4276(8) 0.57(1)
O(7) 2g 2 0 0.1318(8) 0.14(1)
O(8) 2g 2 0 0.3621(9) 0.64(2)
0(9) 2h 2 1/3 0.0758(12) 0.92(2)
0O(10) 2h 2 1/3 0.2839(9) 0.24(1)
O(11) 2i 2 2/3 0.2194(10) 1.23(2)
0O(12) 2i 2 2/3 0.4241(11) 0.35(2)
O(13) le 1 2/3 0 0.55(3)
O(14) 1d 1 1/3 1/2 0.86(3)

"y:2x,bU22:U

Uy =

— U, ,. The thermal temperature factor is expressed as exp( — 2n*(h*a**U,, + k*b**U,, + Pc**U,, + 2hka*b*U,, +
2hla*c*U, , + 2kIb*c*U,y). < B, = 4(Y, Y Byaa) = $73(3, Y, Uy).
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TABLE 3
Interatomic Distances of BAM-II
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TABLE 4
Interatomic Angles of BAM-II

No. of bonds Distance (/0\)

No. of bonds Angle (deg)

Octahedral Coordination

Al(1)-O(1) 2 1.858(17)
-0O(7) 1 1.876(14)
-0(9) 1 1.842(18)
-0(2) 2 2.002(17)

Al(2)-O(3) 2 1.936(19)
-0O(10) 1 1.935(18)
-0(4) 2 1.868(18)
-O(11) 1 1.920(19)

Al(3)-0O(6) 2 1.896(16)
-0(8) 1 1.989(17)
-0(12) 1 1.829(16)
—0(5) 2 2.024(16)

Al(10-O 3 1.927(17)

0(3) 3 1.951(19)
Al(11)-O(5) 3 1.841(15)
-0(4) 3 1.885(16)

Tetrahedral Coordination

Al(4) O(7) 1 2.038(34)
0(3) 1.843(11)

A1(5) 0O4) 3 1.980(13)
0(8) 1 1.757(38)

A1(6) O(5) 3 1.850(7)
-0O(10) 1 1.848(33)

Al(7)-0O(6) 3 1.744(10)
-0O(14) 1 1.727(12)

Al(8)-O(1) 3 1.799(11)
-0O(13) 1 1.678(16)

Al(9-0(2) 3 1.843(10)
-O(11) 1 1.901(37)

Polyhedron 9-Coordinated

Ba(1)-0(1) 3 2.838(21)
-O(1y 3 2.754(26)
-0(13) 2 3.207(25)
-O(13y 1 3.356(2)

Ba(2)-0(6) 6 2.822(21)
-0O(14) 3 3.256(2)

Type II. A spinel unit (Mg,_,Al,+,Og) is inserted in
the Al-spinel blocks, forming extended spinel blocks and
thus attaining the charge compensation.

In the case of the compounds CAM-I (Ca,Mg,Al,504¢)
and CAM-II (CaMg,Al;60,-), type 11 compensation occurs
without changing the magenetoplumbite-type conduction
layer. In the case of Sr hexaaluminates, SrAl;,04 is known
to have magenetoplumbite structure (6); in SAM-I, half of
the conduction layer is changed to ff-alumina-type, and for
SAM-II, all conduction layers were of f-alumina type,
where extended spinel blocks were not observed (18). In the

Octahedral Coordination

O(1)-Al(1)-O(1y 1 93.82(93)
O(1)-Al(1)-0(2) 2 91.64(65)
O(1)-Al(1)-0O(9) 2 99.45(95)
O(1)-Al(1)-O(7) 2 83.09(69)
0(2)-Al(1)-0(2y 1 82.67(68)
0(2)-Al(1)-O(7) 2 93.81(74)
0(2)-Al(1)-0(9) 2 83.37(89)
0(3)-Al(2)-0@3Y 1 85.69(89)
0(3)-Al(2)-O(4) 2 95.49(66)
0(3)-Al(2)-0(10) 2 87.57(66)
0(3)-Al(2)-O(11) 2 94.21(95)
O(4)-Al(2)-O4y 1 83.12(83)
O(4)-Al(2)-0O(10) 2 96.01(93)
0(4)-Al(2)-0O(11) 2 82.18(75)
0O(5)-Al(3)-0O(5y 1 77.70(63)
O(5)-Al(3)-0(6) 2 93.45(58)
O(5)-Al(3)- 0(8) 2 89.72(70)
0O(5)-Al(3)-0(12 2 85.32(79)
0O(6)-Al(3)- 0(6) 1 94.99(88)
0(6)-Al(3)-O(8) 2 85.78(68)
0(6)-Al(3)-0(12) 2 98.49(81)
0(2)-Al(10)-0(2y 3 86.70(94)
0(2)-Al(10)-0(3) 6 94.18(58)
0(3)-Al(10)-O(3Y 3 84.92(98)
O(4)-Al(11)-O(4Y 3 82.19(84)
O(4)-Al(11)-0(5) 6 95.26(59)
O(5)-Al(11)-O(5y 3 87.20(84)

Tetrahedral Coordination

0(3)-Al(4)-0(3) 3 109.26(91)
O(3)-Al(4)-0(7) 3 109.68(90)
O(4)-Al(5)-0(4) ' 3 105.94(97)
O(4)-Al(5)-0(8) 3 112.81(87)
O(5)-Al(6)-0(5) 3 113.83(66)
O(5)-Al(6)-0(10) 3 104.66(83)
O(6)-Al(7)-O(6) 3 109.25(85)
0(6)-Al(7)-0O(14) 3 109.69(85)
O(1)-Al(18)-O(1) 3 108.80(91)
O(1)-Al(18)-0O(13) 3 110.13(88)
0(2)-Al(9)-0(2) 3 108.66(82)
0(2)-Al(9)-0(11) 3 110.27(80)

case of BaMg hexaaluminates, Bag ;5Al;,0;7.,5 is of f3-
alumina-type with some defects at the Ba site and others
(13,14). The type I mechanism of Mg incorporation finally
takes place to form BaMgAl,,O,~, where the defect in the
conduction layer has vanished (21). The difference is only
the defect structure in the conduction layer. The basic f-
alumina-type conduction layer is maintained. For further
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incorporation of MgO, a type II mechanism occurs, leading
to the ideal composition of Ba,MggAl,5O 5.

Pinpointing the Mg substitution site is difficult by the
X-ray method, but, judging from the average bond lengths
of Al(5) and Al(4) tetrahedra (AI(5)-O, 1.92 A, Al(4)-0O,
1.89 /o\), Mg would be highly concentrated at the Al(5) and
Al(4) sites. The assumption is based on the fact that Mg
incorporation at the Al site enlarges the bond length. In the
case of MgO-containing Na f’-alumina, the average AI-O
bond length of the corresponding tetrahedral Al site (the 4e
site) is 1.77 A (29). The average bond lengths of Al(6) and
Al(9) tetrahedra (Al(6)-O, 1.85 A; Al(9)-O, 1.86 A) are also
larger than that of the corresponding Al site (4f with
z =0.0701) in the MgO-containing Na f'"’-alumina (29).
This indicates the partial occupancy of Mg at these sites. It
is reasonable because the Mg content of BAM-II (5.0 + 0.2
per unit cell) is greater than the number available by the
Al(5) and Al(4) sites (4 per unit cell).

The result of EPMA shows that the crystal obtained is
shifted to the Al-rich side in the solid solution range with
a small amount of Ba defects. To reveal the defect site
distribution in this structure, the occupancy was refined
further. The occupancy factors of Ba sites were further
varied in the least-square refinement. The result showed the
alternate Ba occupancy in the conduction planes. This
means that there are two types of the conduction plane: Ba
vacancy containing conduction layer and fully occupied
conduction layer. BAM-II has the same structure with Na
p"’-alumina (Na,O-4MgO-15A1,03), but the Na p"'-
alumina has the higher symmetric space group P6s;/mmc.
The Ba vacancy as well as uneven distribution of Mg in the
spinel block would have made the space group P6m2.
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