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The crystal structures of B-alumina type K*-gallate (K*-g3-gallate), Mg?*-doped K*-g-gallate, and
NHj{-8-gallate were refined by the single crystal X-ray diffraction method. The positive charges of
excess K+ ions in K*-B-gallate were compensated by O~ ions in the mO site which coordinated with
interstitial Ga’* ions. The charge compensation mechanism mentioned above was changed by doping
with Mg?* ions. The excess charges in Mg2*-doped K*-g-gallate were compensated by the replacement
of Mg2?* ions for Ga** ions at the middle of spinel block. No defects were found in NH; -8-gallate for the
charge compensation, which was completely consistent with the result of thermal analysis that indi-

cated a stoichiometric composition of NH;-B-gallate.

Introduction

It is well known that 8-alumina (ideal for-
mula Na,O - 11A1,03) exhibits a high so-
dium ion conduction and is one of the most
widely studied solid electrolytes. There are
many studies on the crystal structures of
the B-alumina type compounds, in which
the distribution of the alkali ions in the con-
duction plane and charge compensation
mechanisms of the excess alkali ions have
been studied by the X-ray (/-8) or neutron
diffraction method (9-11).

It is also known that gallates with
the B-alumina type structure (hereafter
abbreviated as R*-B-gallate after Chan-
drashekhar and Foster (I2)) show high
ionic conduction. The ionic conductivities
of K*-B-gallate and its solid solutions in
which the contents of K* ions were con-
trolled by doping with Mg?* ions have been
reported by Tsurumi et al. (13). It has been
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revealed that the amount of K* ions is less
than that expected by a simple substitution
model. The thermal decomposition of
NH{-B-gallate has been studied by
Ikawa et al. (I14) and their results indicated
that the gallate contained a stoichiometric
amount of NHJ ions. Therefore, it seems to
suggest that K*-8-gallate, Mg?*-doped K*-
B-gallate, and NH; -B-gallate differed from
one another with respect to the charge com-
pensation mechanism of the excess positive
charges. Although this suggest the need for
extensive studies on the crystal structure of
R*-B-gallate, such studies are very few.
Two of the studies reported so far are those
of Anderson et al. (15) and Kahn et al. (16).

In the present study, an attempt has been
made to refine the crystal structures of K*-
B-gallate, Mg2*-doped K*-B-gallate, and
NH;-B-gallate by the single crystal X-ray
diffraction method. The results indicated
that the charge compensation mechanism
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changed by doping with Mg?* ions and that
the defects which enable the excess alkali
ions to exist are not found in NH{-B-gal-
late.

Experimental

Experimental procedures for the prepa-
ration of single crystals and chemical analy-
ses have been reported in the previous
study (/3). In the following, the experimen-
tal procedure is given briefly.

The reagents of Ga,0;, K,CO;, and
Mg(OH), were weighed in the molar ratio
5:1: X (X = 0.0, 0.4) and mixed with etha-
nol. After calcining at 900°C, the mixture
was enclosed in a Pt - Rh-10% pipe with 10-
mm diameter and 40-mm length. The sealed
capsule was heated at 1800°C for 1 h and
cooled gradually in a furnace. Single crys-
tals of K*-B-gallate were converted into
NH;-B-gallate by immersion in molten
NH/NO; for a duration up to 400 h. Chemi-
cal compositions of single crystals synthe-
sized were analyzed by dissolving them
into HCI solution, the contents of gallium
and magnesium were determined by the
atomic absorption analysis, and that of po-
tassium was found by the flame spectro-
chemical analysis.

Refinements of the crystal structure were
carried out for K*-g-gallate, Mg?*-doped
K*-B-gallate (X = 0.4), and NH;-B-gallate.
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The space group of these crystals was iden-
tified as P6;/mmc from the systematic ex-
tinctions (h k I, | = 2n + 1) seen on Weis-
senberg photographs which is consistent
with those space groups reported previ-
ously. X-Ray intensity data were collected
with a four-circle diffractometer (Philips
Co., PW1100) using MoK« radiation with a
graphite monochromator. The 6-20 scan-
ning was used for intensity data collections
up to 26 = 100 in a section of the reciprocal
space where all h > 0, k > 0, and [ > 0.
There standard reflections were measured
at intervals of 2h to monitor the drifts of the
intensity and geometrical setting parame-
ters. For weak intensity reflections, mea-
surements were repeated 3 times until the
total intensity counts exceeded 10,000. The
structure factor (Fo) was calculated for
each reflection, and then, anisotropic ab-
sorption corrections were performed with
the program FDINCOR (I7). Equivalent
reflections were finally averaged and each
parameter was refined with the full matrix
program LINUS (/8). Table I shows perti-
nent information such as the chemical com-
positions, sizes, and numbers of indepen-
dent reflections. Chemical formulas are
shown in the parenthesis. The formula for
the Mg?*-doped gallate was calculated by
assuming that Mg?* ions were suibstituted
for Ga** ions in the spinel blocks.
Calculations for structural refinements

TABLE I
SoME DATA OF CRYSTAL STRUCTURE REFINEMENTS

Mg?+-doped

K*-B-gallate NH{-B-gallate

K*-B-gallate

Chemical composition 1.28K,0 - 11Ga,0,
(K3.56Ga034.26)

Size of crystal (mm) 0.10 X 0.18 x 0.04
Lattice constants (A) a = 5.839(2)

c = 23.4%1)
Number of independent 949

reflections

Number of parameters 50

153K20 . 11G3203 . 092Mg0 (NH4)10 . ]]G3203

(K2.94Gay;.1:Mg0.88034.03) ((NH,);Gan0s4)
0.10 x 0.08 x 0.04 0.12 X 0.19 x 0.07
5.857(1) 5.837(2)
23.33(2) 23.59(1)
556 998
49 37
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Fi1G. 1. The thermogravimetric curve of NH;-8-gal-
late crystals obtained by changing the temperature
step by step at 20-35°C intervals and keeping it con-
stant at each temperature for 3 h.

were performed using the HITAC M-280
computer system.!

Results and Discussion

1. Chemical Compositions of Single
Crystals

The chemical compositions for K*-g-gal-
lates with and without Mg doping are
shown in Table I. The chemical formula for
the Mg?*-doped gallate indicates that 0.88
of Mg?* ions per unit cell are substituted for
Ga’* ions in the crystal. If the increase in
K* ions comes from the simple substitu-
tion, the formula should be Kj;.Gay 2
Mg 2s03405. However, as indicated in the
table, the content of K+ ions determined by
the chemical analysis (2.94) is less than ex-
pected (3.44). It was reported by Tsurumi
et al. (13) that the contents of K* ions were
consistently less than those estimated from
the simple substitution.

I See NAPS document No. 04307 for 18 pages of
supplementary material. Order form ASIS/NAPS, Mi-
crofiche Publications, P.O. Box 3513, Grand Central
Station, New York, NY 10163. Remit in advance $4.00
for microfiche copy or for photocopy, $7.75 up to 20
pages plus $.30 for each additional page. All orders
must be prepaid. Institutions and organizations may
order by purchase order. However, there is a billing
and handling charge for this service of $15. Foreign
orders add $4.50 for postage and handling, for the first
20 pages, and $1.00 for additional 10 pages of material.
Remit $1.50 for postage of any microfiche orders.

A thermogravimetric curve of single
crystals of NH; -B-gallate is shown in Fig.
1, which was measured on a differential
type TG-DTA(Rigaku Denki Co.) by chang-
ing the temperature step by step at 20 to
30°C intervals and keeping it constant at
each temperature for 3 h. Ikawa et al. (14)
reported that the thermal decomposition of
powder NH{ -B-gallate occurred as follows:

~180°C

125H20 ¢ (NH4)2O . 1168203 —_—>

~230°C

(NH,),0 - 11Ga05 + 1.25H,0 —

>460°C

Hzo : ]lGa203 + 2NH3 —
11Ga,0; + H,0

NH;-B-gallate contains just a stoichio-
metric amount of NH; ions. The reaction
formulas presented above show that some
water is lost when heated up to 180°C, but
the weight losses are not seen in Fig. 1,
which indicated that electrically neutral wa-
ter does not exist in the larger crystals
(~0.5 mm). Foster et al. (19) have also re-
ported that the amount of water in Na*-8"-
gallate varied with the size of the crystal.
Since the liberation of NH; and H,O at high
temperatures does not seem to attain equi-
librium within 3 h, weight losses due to the
release of H,O and NH; are overlapping
each other in Fig. 1 and it is difficult to
evaluate the amount of NH; and H;O re-
leased separately. However, the total
weight loss observed (2.4%) is consistent
with that calculated (2.46%) assuming that
two moles of NH; and one mole of H,0 are
released per 11 Ga;0;. The chemical com-
position of the NHj-B-gallate crystals is,
therefore, (NH,),0 - 11Ga,0; (Table I).

2. Refinements of the Crystal Structure

(a) K*-B-Gallate

Starting positional parameters used for
the refinements were those of Peters et al.
(2). With an occupancy factor of K* ion in
the BR site fixed at the ideal value, the posi-
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FiG. 2. Difference Fourier maps of K+-g-gallate
when R factor is 0.0677. (A) conduction plane at Z =
0.25; (B) (110) plane. Solid contours are drawn at inter-
valso of 1e/A3, and dashed contours at intervals of
le/A3.

tional parameters and anisotropic tempera-
ture factors were refined for all atoms (R =
0.0677).2 Figure 2 shows difference Fourier
maps in the conduction plane at Z = 0.25
(A) and in (110) plane (B) at this stage. A
valley of electron density distribution is
seen at the BR site, while positive peaks are
seen at the mO sites in the conduction plane
(A). In the (110) plane (B), a notable posi-
tive peak is seen at the Ga(5) site which is
tetrahedrally coordinated by O(4), two
0(2), and O?- ion in the mO sites. Subse-
quently, we refined the occupancy factors
of K* ion in the BR and mQO sites (R =
0.0584), and those of the Ga(l) and Ga(5)
sites under the restriction that the occu-
pancy of O atom in the mO site was half
that of the Ga atom in the Ga(5) site (R =
0.044). Finally, the occupancy of K* ion in

2 The value of the reliability factor (R factor) at each
stage of the refinement is noted in parentheses in the
following descriptions.

the aBR site and the parameters of other
atoms were refined again (R = 0.0388). The
final parameters such as the numbers of at-
oms per unit cell, the positional parameters
and anisotropic temperature factors are
listed in Table IIA.

(b) Mg?*-Doped K*-B-Gallate

Starting positional parameters were
those of the K*-B-gallate crystal deter-
mined by the foregoing refinements. The
positional parameters and anisotropic tem-
perature factors were refined with the occu-
pancies of all atoms fixed at those at the
ideal formula (R = 0.0605). Figure 3A
shows the difference Fourier map in the
conduction plane at this stage. The residual
electron densities at the mO sites were at-
tributed to the excess K* ions, so that the
occupancies of K* ion in the BR and mO
sites were refined (R = 0.0398). Figure 3B
shows the difference Fourier map in the

FiG. 3. Difference Fourier maps of Mg?*-doped K*-
B-gallate; (A) conduction plane at Z = 0.25 when R
factor is 0.0605; (B) (110) plane when R factor is
0.0398. Solid contours in (A) and (B) are drawn at
intervals of 1 and 0.5¢/A%, respectively. Dashed con-
tours ir1 (A) and (B) are drawn at intervals of —1 and
—0.5¢/A3, respectively.
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TABLE 11
PosiTioNAL, THERMAL AND OCCUPATION PARAMETERS

(A) K*-B-Gallate

Number of atoms per Temperature factors (A2 x 10
Position unit cell X VA Uy Us Uy Up
Ga(l)  12(k) 11.39(4) 0.83209(9) 0.10555(2) 66(2) 51(2) 61(2) 1(H)
Ga(2) 4(f) 4 i 0.02443(4) 43(1) = Uy 45(3) 0
Ga(3) 4(f) 4 3 0.17481(5)  10K(2) =Uy 37(3) 0
Ga(4) 2(a) 2 0 0 57(2) =Uy 56(5) 0
Ga(5)  12(k) 0.56(4) 0.8388(15) 0.3248(4) 33(24) 19(36) -5(23)  —17(6)
o) 12k) 12 0.1572(5)  0.0504(2) 100(10) 80(16) 43(9) —3(6)
0@2) 12(k) 12 0.5050(6)  0.1473(2) 79(10) 79(15) 97(12) =27
o) 4(f) 4 H 0.0555(3) 76(11) = Uy 57(21) 0
O4) 4(e) 4 0 0.1429(3) 64(11) = Uy 75(23) 0
O(S) 2(c) 2 3 i 1070(119) = Uy, -43(31) 0
0(6) 6(h) 0.28(2) 0.8864(27) i 542(87) 1030(220) 100(38) 0
K()  2d) 1.45(5) % i 57432) = Uy 102(19) 0
K@) 6(h) 1.19(7) 0.8864(27) i 542(87) 1030(220) 100(38) 0
K@3) 2(a) 0.04(3) 0 H 102(312) =Uy —42(310) 0

(B) Mg?*-Doped K*-g-Gallate

Ga(l) 12(k) 12 0.8326(2) 0.10611(3) 56(2) 48(3) 703) 3(2)
Ga(2) 4(f) 3.32(6) 3 0.02471(7) 58(4) = Uy 43(6) 0
Ga(3) 4(f) 4 H 0.17418(7) 56(3) =Uy 39(5) 0
Ga(4) 2(a) 2 0 0 58(5) =Uy 72(9) 0
o) 12(k) 12 0.1570(8)  0.0513(2) 9921) 25(28) 75(17)  —10(11)
0@2) 12(k) 12 0.5055(12) 0.1483(3) 50(15) 72(28) 92(22) —18(14)
0(3) 4(f) 4 H 0.0566(5) 70(25) = Uy 85(41) 0
o) Ae) 4 0 0.1430(5) 60(20) = Uy 44(40) 0
O(5) 2(0) 2 3 3 324(63) = Uy 65(62) 0
K1) 2(d) 1.37(6) H 1 437(42) =Uy 54(30) 0
K(2) 6(h) 1.64(9) 0.8813(18) H 151(38)  476(107) 106(45) 0

Mg 4(f) 0.68(5) 5 0.02471(7) 0.035(Uiso)

(C) NH;-B-Gallate

Ga(l)  12(k) 12 0.8323(1)  0.10584(3)  37(2) 30(3) 332 1(1)
Ga2)  4() 4 1 0.02444(7)  31(2) = Uy 12(4) 0
Ga(3)  4() 4 ! 0.17502(7)  45(2) = U, 12(4) 0
Gad) 2 2 0 0 3303) = U, 8(6) 0
o). 12(k) 12 0.1558(7)  0.04992)  75(16)  32(22) 27(14) 6(7)
0Q2) 12(k) 12 0.5039(9)  0.1459(2) 66(14) 52021 55017 %9)
03) 4 4 3 0.0558(4) W14 = U, 23(28) 0
0@)  4(e) 4 0 0.1412(4) SA15) = Uy, 15(29) 0
o) 2() 2 3 1 704(138) = U, ~3(53) 0
N 2(d) 2 3 s 686(145) = U, 90(83) 0

« For all atoms Y = 2X, numbers in brackets correspond to estimated errors in the last digits.

(110) plane at this stage. No peaks are ob- by substituting Mg atoms with a smaller
served at the Ga(5) site while valleys are atomic number than Ga. Hence, in the sub-
observed at the Ga(2) sites, which is caused sequent refinements, the occupancy factors
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of Mg and Ga atoms in the Ga(2) site were
refined under the restriction that the total
occupancy in the Ga(2) site was fixed at
four atoms per unit cell (R = 0.0353). The
final parameters are listed in Table II B.

(c) NH{-B-Gallate

Starting positional parameters were
taken from those of the final cycle of the
K*-B-gallate refinements. With the occu-
pancy factor of the N atom, instead of
NH;{, fixed at the ideal value, the positional
parameters and anisotropic temperature
factors were refined for all atoms (R =
0.0614). Difference Fourier maps calcu-
lated after the convergence are shown in
Fig. 4. No significant amount of scattering
is detected and all parameters at this stage
are listed in Table IIC as final values.

Some interatomic distances and bond an-
gles of each crystal are listed in Tables III
and IV, respectively.
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FiG. 4. Differential Fourier maps of NH; -8-gallate
when R factor is 0.0614; (A) conduction plane at Z =
0.25; (B) (110) plane. Solid contours are drawn at inter-
vals of le/A’, and dashed contours at intervals of
~1e/A.

3. Charge Compensation Mechanisms

Compounds with the B-alumina type
structure always contain excess alkali ions
relative to the ideal composition. The AP*
vacancy model was first proposed as the
charge compensation mechanism for these
excess positive charges (2, 8). Subse-
quently, Roth et al. (20) suggested the 0%~
interstitial model, which indicated that Al**
ions in the Al(1) sites move into an intersti-
tial site near the conduction plane to form
“‘Frenkel defects’’ and that O? ions are in-
corporated into the mO sites to coordinate
the interstitial AP* ions. This mechanism is
currently supported by many investigators
(3, 5, 15, 21). The other mechanisms, such
as incorporation of Na* ions into the spinel
blocks (Na*-B-gallate) (15, 22) or the reduc-
tion of Fe** to Fe?* (B-ferrite) (23), have
also been proposed.

West (24) and others (7, 25) have indi-
cated the cause of the excess alkali ions
over the ideal formula, Na,O-11ALO;.
The structure of ‘‘ideal’’ 8-alumina shows a
large departure from local electroneutrality
and it is improved by adding extra positive
charges to the conduction plane and by re-
moving positive charges from the spinel
blocks. Wang (26) and Walker et al. (27)
have applied simulation techniques to ver-
ify more quantitatively the discussion men-
tioned above.

In the present study, the refinement of
the crystal structure revealed the following
for K*-B-gallate: (1) A peak of electron
density is observed at the interstitial site
(Ga(5), Fig. 2B); (2) The sum of the occu-
pancies in the Ga(1) and Ga(5) sites is 11.95
atoms per unit cell (Table ILA) which agrees
with the ideal value of 12; and (3) The occu-
pancy in the Ga(5) site (0.56, Table I1A)—
twice the number of the newly incorporated
0?2~ ions (O(6))—completely agrees with
the amount of the excess K* ions deter-
mined by the chemical analysis. These
results indicate that almost all Ga3* ions in
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TABLE I1I
INTERATOMIC DISTANCES

Mg?*-doped
Number of K*-B-gallate K*-B-gallate NH; -B-gallate
bonds (A) (A) (A)
Octahedra
Ga(h)-0(1) 2 2.094(3) 2.086(5) 2.105(5)
-0(2) 2 1.923(3) 1.930(6) 1.910(5)
-0(3) 1 2.045(4) 2.042(7) 2.049(6)
-04) 1 1.910(3) 1.904(5) 1.890(4)
Ga(1)-0 (Mean) 1.998 1.966 1.995
o()-0(1y 1 2.754(4) 2.759(6) 2.729(5)
-0(2) 2 2.876(5) 2.872(8) 2.869%(7)
-03) 2 2.923(3) 2.933(5) 2.924(4)
-04) 2 2.689(7) 2.668(10) 2.670(10)
0(2)-02) 1 2.831(4) 2.832(8) 2.851(6)
-0@3) 2 2.706(7) 2.693(12) 2.688(10)
-04) 2 2.921(3) 2.932(7) 2.921(5)
Ga(4)-0(1) 6 1.983(3) 1.992(6) 1.966(5)
O(1)-0(1y 6 2.754(4) 2.759(6) 2.729(3)
oy 6 2.853(5) 2.875(8) 2.831(7)
Tetrahedra
Ga(2)-0(1) 3 1.882(4) 1.894(6) 1.892(2)
-0(3) | 1.876(7) 1.897(12) 1.893(10)
Ga(2)-0 (Mean) 1.881 1.895 1.892
ooy’ 3 3.084(4) 3.099(6) 3.109(5)
-03) 3 3.059(7) 3.088(11) 3.072(10)
Ga(3)-0(2) 3 1.852(4) 1.848(8) 1.856(6)
-0(5) 1 1.766(1) 1.769(2) 1.769(2)
Ga(3)-0 (Mean) 1.831 1.828 1.834
0(2)-0(2) 3 3.007(4) 3.025(8) 2.986(6)
-QO(5) 3 2.971(4) 2.946(7) 3.001(6)
Polyhedron 9-coordinated BR
K(1),N-0O(2) 6 2.912(3) 2.882(5) 2.957(6)
-0(5) 3 3.370(1) 2.946(5) 3.370(1)

the Ga(5) site are displaced from the Ga(l)
site, and O~ ions are incorporated into the
mO sites forming Ga,—0,—Ga; bridges to
compensate for the positive charges of the
excess K* ions.

In Mg?*-doped K*-B-gallate, no electron
density distributions are observed at the in-
terstitial site (Fig. 3B). Hence, it is evident
that Mg?*-doped gallate does not make
““Frekel defects.”” The Ga(2)-O bond dis-

tances are lengthened by the substitution of
the Mg?* ion (Table III), but the occupancy
of the Mg?* ion at the Ga(2) site (0.68, Table
2B) is less than that determined by the
chemical analysis (0.88). The discrepancy
is attributed to the substitution of Mg?* ions
at the octahedral Ga(4) site, since the Ga-0O
bond distances in the Ga(4)O¢ octahedron
are also somewhat longer than that of the
undoped K*-B-gallate (Table III). The oc-
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TABLE IV
BOND ANGLES*

K*-B-gallate Mg?+-doped K+-B-gallate NH; -B-gallate
(deg) (deg) (deg)

Octahedra
O)-Ga(1)-0(1)’ 82.22(11) 82.80(19) 80.83(16)
O(1)-Ga(1)-0(2) 91.33(13) 91.33(13) 91.07(20)
O(1)-Ga(1)-0(3) 89.85(14) 90.55(25) 89.49(21)
O(1)-Ga(1)-0(4) 84.26(12) 83.78(26) 83.70(23)
0(2)-Ga(1)-0(2) 94.78(14) 94.42(25) 96.52(21)
0(2)-Ga(1)-0(3) 85.96(14) 85.3327) 85.43(21)
0(2)-Ga(1)-04) 99.30(16) 99.76(26) 100.47(23)
O(1)-Ga(4)-0(1)’ 87.98(12) 87.65(19) 87.89(18)
O(1)-Ga(4)-0(1)" 92.02(12) 92.35(20) 92.11(18)

Tetrahedra
O(1)-Ga(2)-0(1)’ 110.01(13) 109.82(22) 110.45(19)
0O(1)-Ga(2)-0(3) 108.93(11) 109.12(18) 108.48(16)
0(2)-Ga(3)-02)' 108.55(14) 109.87(29) 107.10(23)
0(2)-Ga(3)-0(5) 110.38(12) 109.07(18) 111.75(17)

2 0-Ga-Q' expresses an angle made by two oxygens of the same layer and gallium.
0-Ga-Q" expresses an angle made by two oxygens of the different layers and gal-

lium.

cupancy of the Mg?* ion at the octahedral
site is related to the fact that the inverse-
spinel-type structure is dominant for Mg
Ga,04 (28). In contrast, the MgAl,O4 and
CoAlLO, spinels are normal types so that
divalent ions such as Mg?* and Co?* oc-
cupy only the tetrahedral Al(2) site in S-
alumina. As a result, the following were re-
vealed for the Mg?*-doped K*-B-gallate: (1)
The positive charges of the excess K* ions
are compensated by the substitution of
Mg2* ions; (2) The substitution of Mg?* ions
is superior to the ‘‘Frenkel defects’ as a
way to diminish departures from the local
electroneutrality mentioned above; and (3)
The difference of the amount of K* ions
determined by the chemical analysis and
calculated from the simple substitution
model is attributed to the disappearance of
the “‘Frenkel defects.”

The results of the crystal structure refine-
ments above suggest that two types of

charge compensation mechanism, the
“‘Frenkel defects’’ and the substitution of
divalent ions, are sufficient to express the
charge compensation of the positive
charges. Therefore, the chemical composi-
tions themselves speak eloquently of the
charge compensation mechanisms, that is,
the excess oxygen atoms in the chemical
formula of K*-3-gallate (34.28 — 34 = (.28,
Table I) are newly incorporated oxygen at-
oms into the mO site and the number of the
““Frenkel defects’” formed is twice as many
as these oxygen atoms. For the Mg?*-doped
K *-B-gallate, the amount of the excess oxy-
gen atoms are very small so that the num-
ber of the “‘Frenkel defects’’ is negligible.
Of course, these discussions have less
meaning when alkali ions enter into the
spinel blocks, or divalent ions incorporate
into the conduction plane.

There is no virtual electron density in the
difference Fourier maps of NHJ-8-gallate
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(Fig. 4A,B). It should be emphasized the
“Frenkel defects’” in K*-B-gallate disap-
pear only by the ion exchange for NH;
ions, which completely agrees with the
results of the thermal analyses of the NH{ -
B-gallate mentioned above. Though a few
reports (5, 29, 30) have referred to the stoi-
chiometric composition of protonic S-alu-
mina, the disappearance of the ‘‘Frenkel
defects” is clarified probably for the first
time. The reason why these protonic S8-alu-
mina have stoichiometric compositions is
not clear now, but it seems that the exis-
tence of protons is closely related to this
phenomenon.

4. Spinel Blocks

The ¢ parameters of the B-alumina type
compounds decreased when divalent ions
were substituted for AI** ions (6), which
was also confirmed in the present study.
The decrease in the ¢ parameter has been
considered to be caused by a tightening of
the bonds connecting two spinel blocks
with the increase in alkali ions (31) in the
conduction plane. However, the results of
the present study indicated that the de-
crease is due to the deformations of coordi-
nation polyhedra in the spinel biocks. Fig-
ure 5A indicates the movements of oxygen
atoms caused by the substitution of Mg?*
ions in K*-B-gallate. The thicknesses of the
Ga(1)O¢ and Ga(3)O, polyhedra along the ¢
axis decrease with the substitution of Mg?*
ion, which are shown by the decreases in
the bonding distances of O(1)-0(4), O(2)-
0(Q3), and O(2)-0O(5) (Table III). Figure 5B
indicates the movements of oxygen atoms
caused by the ion exchange for NH{ ions.
It is notable that O(2) moves in the opposite
direction to the movement of oxygen atoms
in Fig. SA. In the former, the trigger for all
the movements of atoms is the expansion
of the Ga(2)Q, tetrahedron, which is caused
by the substitution of larger Mg?* ions,
while in the latter the trigger is the increase
of the NH; ~O(2) bonding distance (N-O(2)

F1G. 5. Movements of oxygen atoms in spinel blocks
of K*-g-gallate projected schematically on the ab
plane, which are caused by: (A) the substitution of
Mg?* jons; and (B) the ion exchange for NHJ ions.

in Table III). On the other hand, the ion-
exchange for NH; ions does not increase
the Ga(3)-0O(5) bonding distance, but in-
creases the O(2)-Ga(3)-0(5) angle of the
gallate. In contrast, the Al(3)-O(5) bonding
distance of Na*-B-alumina increased mark-
edly with the ion exchange (5, 32). The
cause of the discrepancy mentioned above
is that the Ga(3)-O(5) bonding distance is
originally longer than that of Al(3)-O(5),
and it was reflected on the difference of
cleavabilities between NH{ -B-alumina and
NH;{ -B-gallate as reported previously (14).

5. Conduction Plane

The number of K* ions at each site in the
conduction plane of the Kt-B-gallate is
listed in Table V. The total content of K*
ions determined by the refinements
(2.69(9)) is consistent with the result of the
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TABLE V

OccUPANCIES OF K* [oN IN EACH SITE OF THE
CONDUCTION PLANE

BR mO aBR
K*-B-Gallate
Obs 1.45(5) 1.19(7) 0.04(3)
Pair® 1.32 1.36 0
Triplet? 1.49 1.19 0
Mg?*-Doped K*-8-Gallate
Obs 1.37(6) 1.64(9) 0
Pair 0.99 2.02 0
Triplet 1.49 1.52 0

2 Calculated from Wang’s model (30).
b Calculated from Newsam’s model (37).

chemical analysis (2.56) within the limit of
error. The distributions of 2.69 K* ions
were calculated according to Wang’s pair
model (33) and Newsam’s triplet model (34)
assuming that no K* ions occupied the aBR
site, and are also listed in Table V. The
distribution of K™ ions agrees well with the
triplet model as proposed by Anderson et
al. (15). K* ions located at the aBR site are
attributed to the thermal excitation of the
mO-mO pairs to the aBR-BR pairs (35).

The B-alumina type compounds can con-
tain 3.32 alkali ions per unit cell at the most
(34). The total amount of K* ions (3.01(2))
of Mg?*-doped K*-B-gallate showed good
agreement with that determined by the
chemical analysis (2.94) and was slightly
smaller than the maximum value. The K*
ion occupancies at each site are between
the two models (Table V) so that it is con-
cluded that the conduction planes contain-
ing one, two, or three K+ ions coexist in the
Mg?*-doped gallate. The probabilities of
these three types of conduction plane were
estimated to be 67%, 19%, and 14%, re-
spectively.

In the case of NHJ-g8-gallate, all NHy
ions were sited only in the BR sites.

Conclusion

In this study, the crystal structures of
K*-8-, Mg?*-doped K*-8-, and NH; -3-gal-
late were refined by the single crystal X-ray
diffraction method and the following points
were revealed:

(1) In K*-B-gallate, the positive charges
due to excess K* ions were compensated
by O?~ ions in the mO sites which were
incorporated to form the ‘‘Frenkel de-
fects.”

(2) The defect structure of K*-B-gallate
changed with the substitution of Mg?* ions.
That is, the excess positive charges came to .
be compensated by Mg?* ions substituted
for Ga3* ions in the spinel blocks.

(3) Mg?* ions entered principally into the
Ga(2) sites and expanded the Ga(2)O, tetra-
hedron. The deformations of the coordina-
tion polyhedrons in the spinel blocks
caused the decrease in the ¢ parameter.

(4) The K* ion occupancies at each site in
the conduction plane agreed well with the
triplet model for K*-B-gallate, and those of
Mg?*-doped K*-B-gallate was between the
triplet and the pair model.

(5) NH{-B-gallate contained just a stoi-
chiometric amount of NH{ ions and no de-
fects which permitted the existence of ex-
cess NH7 ions were found.
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