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The K,ZnGeO, structure has been refined, from X-ray powder diffractometer data, in space group 
Pca2, and with the unit cell a = 11.0769(10) A, b = 5.5216(5) A, c = 15.8465(13) A, V = 969.2 w3, to 
residual factors RF = 4.9% and R, = 16.2%. Constraints on the positional parameters (pair-wise 
linking) were used in order to obtain a convergent refinement. The structure is a stuffed cristobalite- 
type structure with the K atoms within voids in a framework of comer-sharing ZnO, and GeO, 
tetrahedra. Guinier-Hagg photograph data indicate that K2ZnSi04 and Rb2ZnGe04 are isostructural 
compounds. The K,ZnGe04 structure is found to be isotypic with the KGa02 structure. A reevaluation 
of the published single crystal X-ray data for KGaO, suggests that one reported oxygen position is 
erroneous. 0 1990 Academic Press. Inc. 

Introduction (3). The structures of other C-type phases 
have recently been refined; the sodium-defi- 

Studies of some alkali-ion conducting sil- cient phases Na,.8(G~.lZn,-,.9)M04 with A4 = 
icates and germanates (1) have shown that Si or Ge (4) and the mixed-alkali phase 
compounds isotypic with the high-tempera- (Nadh.dZnGe0~ (5). 
ture modification of Na2ZnSi04 exhibit The basic A2M’M”04 C-type structure is 
considerable ionic conductivities. These related to the cristobalite structure, with an 
phases are denoted below as C-type orthorhombic unit cell related to the ideal 
phases. cubic cristobalite axis a, i= 7 A by aorr = 10 

The basic structure type of the C-type A = *a,, b,, = 5 i% = V%2 a,, and c,,( = 
phases was established by the structure de- 14 A = 2 a,. The M’OA and M”Oq tetrahedra 
termination of Na*BeSiOd by the Rietveld share corners and form a cristobalite-type 
technique (2) and subsequently and inde- framework. The alkali ions are located on a 
pendently by studies of twinned crystals diamond type lattice within the framework. 

The ionic conductivity properties of 
KzZnGeOA and the solid solutions 
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1.8 5 x 5 2.0, have been studied by Maazas 
and Delmas (6). 

The structure of KzZnGe04 has been re- 
fined to establish the structural relation to 
the C-type structures and to other stuffed 
cristobalite-type structures. 

The compounds KzZnGeOd and KGaO* 
exhibit nearly identical orthorhombic unit 
cells (see below) and powder patterns and 
are therefore believed to be isotypic (6) and 
to possess a C-type structure. 

A closer comparison between the KGa02 
structure and the C-type structures hitherto 
studied (2-5) shows, however, that one of 
the reported oxygen atom positions in 
KGa02 is different from the corresponding 
position in the C-type structures. The pub- 
lished single crystal X-ray data of KGa02 
are therefore also reevaluated below in or- 
der to compare the KGa02 and KzZnGeOd 
structures. 

In addition, the compounds K2ZnSi04 
and RbzZnGeOd have been synthesized and 
characterized by their Guinier-Hagg pow- 
der photographs. 

Experimental 

The KzZnGeOd compound was synthe- 
sized by solid state reaction in air, using 
dried K2C03, ZnO, and GeOz as starting 
materials. A ground mixture of appropriate 
amounts of the starting materials was fired 
at 1125 K for 1 day. The material was then 
twice reground and tempered at 1125 K for 
1 day. 

KzZnSiOJ and RbzZnGe04 were synthe- 
sized in the same manner at the tempera- 
tures 1225 and 1275 K, respectively. The 
RbzZnGeOd compound was found to be hy- 
groscopic and had to be handled in a dry 
atmosphere. 

X-ray powder photographs were re- 
corded with a Guinier-Hagg focusing cam- 
era using CuKai radiation and Si as internal 
standard and were evaluated with a film 
scanning system (7). 

The powder diffractometer data for the 
profile refinements were recorded with a 
CGR (Compagnie Generale de Radiologie) 
powder diffractometer operating at 45 kV 
and 30 mA. Monochromatic incident 
CuZ&i radiation was used, obtained with a 
curved crystal quartz monochromator. 
There was no Soller slit in the diffracted 
beam. Consequently, peak asymmetry is 
present at low angles. The powder pattern 
was scanned in steps of 213 = 0.02” and the 
data were collected employing a fixed time 
counting strategy (48 set). The sample was 
mixed with an equal amount of amorphous 
silica and side-loaded in order to minimize 
preferred-orientation effects. Due to the 
previously observed slight hygroscopicity 
of KzZnGeOd, the data were collected with 
the sample chamber flushed with dry Nz 
gas. 

Indexing of Powder Pattern and 
Rietveld Refinement 

The X-ray Guinier-Hagg powder pattern 
of K2ZnGe04 was indexed on the basis of 
an orthorhombic unit cell, given in Table I. 
The unit cell dimensions and systematically 
absent reflections, h01 h f 2n and Ok1 1 # 
2n, indicate that the structure is of the basic 
C-type (2, 3). The first 20 observed reflec- 

TABLE 1 

CRYSTAL DATA FOR K2ZnGeOd 

Stoichiometry 
Space group 
Z 
F.W. 
a (A) 
b (A 
c (A) 
v (A’) 
dcalcd (g/cm31 
Cell figures-of-merit: 

M20 
F20 

KzZnGeO., 
Pca2, 
8 
280.16 
11.0769(10) 
5.5216(5) 
15.8465(13) 
969.2(2) A’ 
3.84 

20 
28 (0.0104,70) 
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tions of the indexed powder pattern are 
listed in Table II. 

Besides peaks assignable to KzZnGeOd 
the X-ray diffractometer data showed addi- 
tional weak Bragg peaks attributable to 
K2Ge03, which was included in the refine- 
ment as a second phase. The amount of 
K2Ge03 in the sample was calculated from 
the scale factors and was found to be very 
small, 2.8 wt %. 

The powder patterns of KzZnSiOd and 
RbzZnGe04 could also be indexed on the 
basis of orthorhombic unit cells with cell 
parameters a = 10.917(2) A, b = 5.433(l) 
A, c = 15.553(2) A, and V = 922.5 A3 for 
K2ZnSiOd, and a = 11.395(2) A, b = 
5.636(l) A, c = 16.324(4) A, and V = 1048.3 
A3 for Rb2ZnGe04. The powder patterns 
are pseudo-cubic, but the orthorhombic 
symmetry is shown by the splitting of the 
reflections 214/400/020. On the basis of 
Guinier-Hagg data we thus conclude that 
KzZnSiOd and RbzZnGeOd are isostructural 
with K2ZnGe04. 

The number of positional parameters to 
refine for KzZnGe04 with all atoms in 4(a) 
positions of the space group Pca2, is 47 
(one z coordinate fixed). In order to have a 
satisfactory over-determination it was nec- 
essary to decrease this number of parame- 
ters by introducing additional constraints. 
The number of positional parameters may 
be reduced from 47 to 24 by linking coordi- 
nates of pairs of atoms according to x, y, z 
and x, y + t, -2 + 4. The constraints corre- 
spond to adding a third symmetry plane 
perpendicular to the c-axis with a glide 
component along the b-axis, or alterna- 
tively to geometrically adding a center of 
symmetry. The structural consequences of 
the added constraints are discussed below, 

The K2ZnGe04 structure was thus re- 
fined with Pca2, symmetry and with the 
added constraints detailed above and a total 
of 41 parameters: (i) for KzZnGeOd, 24 po- 
sitional, 3 temperature, and 3 cell parame- 
ters and 1 scale factor; (ii) for K2Ge03, 3 

TABLE II 

OBSERVED AND CALCULATED 20 VALUES FOR THE 
GUINIER-H&G POWDER DIFFRACTION PATTERN OF 
K2ZnGe04 UP TO THE 20~~ OBSERVED LINE 

k k 1 2eobsd A (28) &s,i (A) Iobsd I&d 

202 
012 
203 
114 
214 
400 
020 
120 
115 
313 
121 
006 
215 
314 
412 
404 
320 
321 
224 
207 
405 
323 
008 

19.569 

23.246 
28.874 
32.137 
32.298 
32.403 
33.436 
33.598 
33.755 
33.920 

36.471 
37.026 
38.083 
39.705 
40.782 
41.180 
43.139 

43.349 
44.360 
45.772 

0.029 
-0.011 
-0.007 

0.013 
0.000 

-0.003 
0.001 
0.014 
0.033 
0.008 
0.009 
0.005 
0.008 
0.005 
0.028 
0.026 
0.005 

-0.010 
0.026 
0.004 

-0.007 
-0.019 

0.002 

4.533 

3.8234 
3.0896 
2.7830 
2.7695 
2.7608 
2.6778 
2.6653 
2.6532 
2.6407 

2.4616 
2.4260 
2.3611 
2.2682 
2.2108 
2.1903 
2.0953 

2.0856 
2.0404 
1.9807 

272 263 
175 178 

10 9 
20 20 

1000 1000 
276 266 
259 252 

21 21 
9 9 

21 21 
2s 2.5 

0 0 
39 31 
28 27 

4 4 
2 3 

18 18 
3 2 
2 2 
0 0 
6 6 
3 4 

72 74 

Note, The observed intensities are from the diffrac- 
tometer data and the calculated intensities are as cal- 
culated by the DBW3.2 program. A(28) = 28,,,, - 

2ecdcd. A = 1.5406 A. 

cell and 1 overall temperature parameter 
and 1 scale factor; and (iii) 3 half-width (I/, 
V, W), 1 asymmetry, and 1 zero-point pa- 
rameter. 

The starting coordinates for KzZnGeOA 
were taken from the NazBeSiOd structure 
determination (2) and the atomic coordi- 
nates for K2Ge03 from Ref. (8). The refine- 
ments were considered converged when the 
shifts were less than l/l0 of the e.s.d.‘s. 
The program used was a local version of 
DBW 3.2 (9). Step intensities in the range 
10” 5 213 5 77.5” were included in the refine- 
ments comprising 291 theoretical Bragg re- 
flections. The calculations show that the 
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TABLE III 

POSITIONAL PARAMETERS AND TEMPERATURE 
FACTORS FOR K,ZnGe04 

Atom xla y/b Z/C B @*I 

Zn 1 0.2370(6) 0.0340(12) 0.4358(6) 0.47(6) 
Zn 2 0.0093(8) 0.5127(14) 0.6914(6) 0.47(6) 
Ge 1 0.0093(8) 0.0127(14) 0.8086(6) 0.47(6) 
Ge 2 0.2370(6) 0.5340(12) 0.0642(6) 0.47(6) 
Kl 0.0160(12) 0.4971(34) 0.9349(10) 0.8(l) 
K2 0.0160(12) 0.9971(34) 0.5651(10) 0.8(l) 
K3 0.2338(14) 0.5524(20) 0.3197(10) 0.8(l) 
K4 0.2338(14) 0.0524(20) 0.1803(10) 0.8(l) 
01 0.1617(32) 0.0850(58) 0.8466(22) 1.1(2) 
02 0.1617(32) 0.5850(58) 0.6534(22) 1.1(2) 
03 0.1942(32) 0.3322(62) 0.4836(20) 1.1(2) 
04 0.1942(32) 0.8322(62) 0.0164(20) 1.1(2) 
05 0.0946(34) 0.8987(64) 0.4008(24) 1.1(2) 
06 0.0946(34) 0.3987(64) 0.0992(24) 1.1(2) 
07 0.0197(30) 0.8272(66) 0.2078(26) 1.1(2) 
08 0.0197(30) 0.3272(66) 0.2922(26) 1.1(2) 

Note. Standard deviations in parentheses. 

fraction of weak reflections is large, with 
only 33 reflections exceeding a relative in- 
tensity of 1%. 

The obtained final coordinates and tem- 
perature factors are listed in Table III. The 
e.s.d.‘s for the coordinates in Table III are 
multiplied by 2 in order to compensate for 
serial correlation in the diffractometer data 
(10). The corresponding R factors are RF = 
4.9% and R, = 16.2%. 

A corresponding refinement using the full 
number of positional parameters, 47, did 
not converge, with the positional parame- 
ters oscillating up to 3 e.s.d.‘s in subse- 
quent refinement cycles. The R factors 
were RF = 4.7% and R,, = 16.0%. The 
e.s.d.‘s for the atomic coordinates in- 
creased by a factor of -3 compared with 
the 24 parameter refinement. The differ- 
ences in atomic coordinates between the 
two refinements were found to be less than 
4 e.s.d.‘s. The refinement with the reduced 
number of parameters is considered to be 
preferable because (i) the refinement con- 

verged, (ii) the R factors did not increase 
significantly by the introduction of the con- 
straints, (iii) no significant differences in 
atomic coordinates was observed between 
the 24-parameter refinement and the 47- 
parameter refinement, and (iv) the e.s.d.‘s 
were markedly lower for the refinement 
with the reduced number of parameters. 

The pair-wise linked atomic positions in 
the 24-parameter refinement are consistent 
with 8(c) positions in the space group Pcab. 
Furthermore, alternative distributions of 
Zn and Ge atoms on their available sites 
cannot be distinguished due to the very 
similar X-ray scattering power of Zn and 
Ge. The KzZnGeOd structure may therefore 
equally well be refined in the truly centro- 
symmetric space group Pcab as in Pca2, 
with the added constraints. The space 
group Pcab is however not compatible with 
an ordering of the Zn04 and Ge04 tetrahe- 
dra analogous with that found for the other 
C-type phases (cf. Discussion). 

Description of the KzZnGe04 Structure 

The structure is a stuffed cristobalite- 
type structure with a ZnGeO$- framework 
formed by corner-sharing and alternating 
Zn04 and Ge04 tetrahedra. The K atoms 
are found within the cavities of the frame- 
work. The structure is illustrated in Fig. 1 
and intratomic distances are given in 
Table IV. 

The constraints on atomic coordinates 
causes nonequivalent atoms in space group 
Pca2, to have identical surroundings geo- 
metrically. The Znl,Ge2, Zn2,Gel, Kl,K2, 
and K3,K4 pairs of atoms, respectively, ex- 
hibit thus identical oxygen surroundings 
(cJ Table III and IV). 

Each K atom is tetrahedrally surrounded 
by four nearest neighbor K atoms. The K 
atom sites are interconnected via bottle- 
necks formed by the edges of six intercon- 
nected (Zn, Ge)04 tetrahedra. 
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0 

0 

FIG. 1. A perspective drawing of the KzZnGe04 structure viewed from [210]. Dark-shaded tetrahe- 
dra contain Zn and light-shaded tetrahedra contain Ge. 

The cavity around a K atom in an ideal 
high-cristobalite filled structure is shown in 
Fig. 2a. The K atoms are coordinated by 12 
equivalent oxygens at a distance of -3.5 A. 
The K atom sites are connected by regular 
hexagonal bottlenecks. 

The cavities formed around the Kl and 
K4 atoms in K2ZnGe04 are shown in 
Figs. 2b and 2c, respectively. The ZnGeO$- 
framework is distorted and collapsed rela- 
tive to the framework of an ideal cristobal- 
ite structure. The collapse may be calcu- 
lated as being -20% by volume. 

As a consequence of the collapse of the 
framework some of the 12 oxygen atoms 
around K become more closely coordinated 
to K than the others. The Kl and K2 atoms 
are coordinated by 6 oxygens at distances 
2.6-3.1 A and K3 and K4, by 8 oxygens at 
distances 2.8-3.2 A. 

Reevaluation of the KGaOz Structure 

von Vielhaber and Hoppe determined the 
structure of KGaOz by X-ray single crystal 
diffraction technique using Weissenberg 
film data obtained with MO& radiation 
(II). The final atomic coordinates were ob- 
tained from a three-dimensional difference 
electron density map using 360 observed re- 
flections. 

The structure is orthorhombic with space 
group symmetry Pcab (given in an alterna- 
tive orientation as Pbca in Ref. (II)) with 
all atoms in general eight-fold positions. 
The unit cell a = 11.07 A, b = 5.51 A, c = 
15.81 A, and V = 964 A3 contains 16 KGaOz 
formula units. The structure is a stuffed 
cristobalite type structure. The given 
atomic coordinates are listed in Table V. 
For comparison the obtained atomic coor- 
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TABLE IV dinates for KzZnGeOJ are also listed in Ta- 
SELECTED INTERATOMIC DISTANCES, A, ble V, transcribed from Pca2, to Pcab by x, 

IN K,ZnGeO, y - f, -z. 

ZnO, and GeO, tetrahedra 
Znl-01 Ge2-02 1.83(4) 01-03 02-04 3.02(5) 

03 04 1.87(4) 01-04 02-03 3.05(5) 
04 03 1.86(3) 01-05 02-06 3.02(5) 
05 06 1.83(4) 03-04 04-03 3.07(5) 

m 1.85 03-05 04-06 2.94(5) 
04-05 03-06 2.99(5) 

m 3.02 

Zn2-02 Gel-01 1.84(4) 02-06 01-05 2.97(5) 
06 05 1.92(4) 02-07 01-08 3.16(5) 
07 08 1.92(4) 02-08 01-07 3.02(5) 
08 07 1.85(4) 06-07 05-08 3.04(5) 

m 1.88 06-08 05-07 3.19(6) 
07-08 08-07 3.07(5) 

m 3.08 

K-O polyhedra 
Kl-08 K2-07 2.49(4) K3-08 K4-07 2.72(4) 

05 06 2.56(4) 05 06 2.78(4) 
03 04 2.63(4) 01 02 2.86(4) 
06 05 2.80(4) 02 01 2.89(4) 
04 03 3.00(4) 03 04 2.90(4) 
01 02 3.12(4) 01 02 3.19(4) 
03 04 3.43(4) 08 07 3.27(4) 

07 08 3.33(4) 
04 03 3.57(4) 

K-K distances 
Kl-K2 Kl 3.44(3) K3-2K4 K4-2K3 3.54(2) 

K2 Kl 3.49(3) Kl K2 3.33(2) 
K3 K4 3.33(2) Kl K2 3.33(2) 
K3 K4 3.33(2) 

Note. Standard deviations in parentheses. 

a 

The coordinates of corresponding atoms 
in the two structures are very similar ex- 
cept for 04 which is located at x/a = 0.98 
for K2ZnGe04 and x/a = 0.49 for KGa02. 
The difference in oxygen atom positions is 
due to corresponding MO4 tetrahedra (M = 
(Zn, Ge) or Ga) pointing their apices in op- 
posite directions along the b-axis in the two 
models. 

The single crystal X-ray data for KGa02 
were reassessed by using the published 
structure factors as input in a series of re- 
finements with the SHELX program. 

The 24 positional parameters and 8 indi- 
vidual isotropic temperature factors were 
refined using the given 360 observed struc- 
ture factors, 1 F,j. The statistics of the 
weighted differences of A F = 1 F,,/ - IF,) 
improved significantly by using the Hughes 
weighting scheme (W = l/(h21F~,,i”1*) for 
IF,,/ 5 h JFo,minl and w = 1/)F,12 for IF,,1 2 h 
IFo,minl with h = 4 and an estimated value 
of IFo,min) = 100) to establish individual 
weights in the final refinements. 

The initial coordinates were taken from 
Ref. (II). Comparative refinements were 
made with the x coordinate of the 04 posi- 
tion given as x/a = 0.49 (named Rl below) 
and with x/a = 0.99 (Z?2), respectively. The 

b 

FIG. 2. Illustrations of the cavities containing K+ ions in (a) an ideal filled high-cristobalite structure, 
(b) K,ZnGeO,, Kl and K2 sites, and (c) KzZnGeOd, K3 and K4 sites. 
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TABLE V 

ATOMIC COORDINATES FOR KGa02 AND 

K,ZnGeO, IN Pcab 

I” IIb III’ u 

Gal x/n 0.008 0.0093(8) 0.0089(2) 0.0129(9) 
y/b 0.260 0.2627(14) 0.2596(7) 
z/c 0.811 0.8086(6) 0.8111(l) 

Ga2 x/a 0.264 0.2630(6) 0.2634(2) 0.0139(9) 
y/b 0.280 0.2840(12) 0.2803(8) 
z/c 0.935 0.9358(6) 0.9352(l) 

Kl x/a 0.015 0.0160(12) 0.0142(4) 0.0211(14) 
y/b 0.751 0.7471(34) 0.7580(H) 
z/c 0.938 0.9349(10) 0.9376(3) 

K2 x/a 0.265 0.2662(14) 0.2643(5) 0.0221(15) 
y/b 0.799 0.8024(20) 0.7983(18) 
z/c 0.814 0.8197(10) 0.8153(3) 

01 x/a 0.296 0.3058(32) 0.2985(16) 0.0310(47) 
y/b 0.574 0.5822(62) 0.5723(46) 
z/c 0.987 0.9836(20) 0.9859(11) 

02 x/a 0.402 0.4054(34) 0.4083(15) 0.0258(43) 
y/b 0.153 0.1487(64) 0.1553(41) 
z/c 0.894 0.9008(24) 0.8934(11) 

03 x/a 0.174 0.1617(32) 0.1671(15) 0.0293(49) 
y/b 0.306 0.3350(58) 0.3145(44) 
z/c 0.845 0.8466(22) 0.8444(11) 

04 x/a 0.486 0.9803(30) 0.9818(17) 0.0398(57) 
y/b 0.925 0.9228(66) 0.9431(50) 
z/c 0.775 0.7922(26) 0.7803(12) 

a Coordinates given in Ref. (II) for KGa02. 
b The corresponding atomic coordinates of 

K,ZnGeO, in Table III transcribed to Pcab for com- 
parison. 

c Atomic coordinates obtained from refinement R2 
of the KGaO, structure (see text). 

R2 refinement yielded the linear R = 10.5% 
and the weighted wR = 12.6% residual fac- 
tors and the Rl refinement, R = 11.8% and 
wR = 14.9%. 

The resulting distribution of weighted 
(AF)* differences, We, was considera- 
bly better in the R2 than in the RI refine- 
ments. Thus the average We for the 
odd k reflections, which were unreasonably 
high in the Rl case, were lowered toward 
normal values in the R2 case. The R2 case 

is therefore clearly preferable from a statis- 
tical point of view. 

The atomic coordinates and temperature 
factors obtained in refinement R2 are given 
in Table V. A selection of interatomic dis- 
tances in the R2 model are given in Table 
VI together with the distances from the ini- 
tial structure determination (II), as well 
as corresponding distances found in 
KzZnGeOd. 

Thus the refinement with x/a = 0.98 for 
the 04 position also yielded expected inter- 
atomic distances and better discrepancy R 
factors than the corresponding refinement 
using xla = 0.48. 

We conclude that the x coordinate should 
be xla = 0.98 and not da -L 0.48 and that 
the structures of KGa02 and K2ZnGe04 are 
isotypic. 

Discussion 

Several compounds with the general for- 
mula AMO;! where A = Na, K, Rb, Cs and 
M is a trivalent metal atom have been re- 
ported to have stuffed cristobalite struc- 
tures . 

Compounds which are allegedly isostruc- 
tural with KGa02 include y-NaGaOz (II), 
RbGa02 (11), CsGaOz (II), RbFeO* (22), 
KAlO* (13), and KFe02 (13, 14). Of these 
only the KFe02 structure has been refined 
from neutron powder diffraction data (14). 
The atomic coordinate x/a for 04 was given 
as xla = 0.48, but in analogy with our 
present results (cf. above) for KGaOz it is 
more likely to be x/a = 0.98. 

The compound KCoOz does not fit into 
the same group. It is known in two modifi- 
cations (15), both believed to be stuffed 
cristobalite-type structures. The (Y form ex- 
hibits a tetragonal cell with a = 5.37 8, and 
c = 7.87 A. The j3 form is also tetragonal 
with a = 5.71 A and c = 7.29 A and is 
related to the Z?2d type high-cristobalite 
structure (26). 
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TABLE VI 

SELECTED INTERATOMIC DISTANCES IN KGaOz AND CORRESPONDING DISTANCES 

IN K,ZnGeO, 

I” IIb III’ 10 IIb III’ 

121 

Gal -04 
02 
04 
03 
m 

1.72 
1.83 
1.84 
1.93 

1.79(2) 
1.84(2) 
1.84(3) 
1.86(2) 
1.83 

Ga2-0 1 
01 
02 
03 
In 

1.80 
1.85 
1.80 
1.74 

1.83(2) 
1.84(2) 
1.84(2) 
1.80(2) 
1.83 

Kl-02 2.65 2.64(2) 
01 2.72 2.68(2) 
04 2.77 2.71(2) 
02 2.86 2.79(2) 
01 2.99 2.96(2) 
03 3.36 3.32(2) 
01 3.35 3.40(2) 
02 3.59 3.50(2) 

Kl-Kl 3.39 3.34(2) 
Kl 3.41 3.48(2) 
K2 3.40 3.39(l) 
K2 3.40 3.39(l) 

Ga-0 tetrahedra 
1.85(4) 02-03 
1.92(4) 02-04 
1.92(4) 02-04 
1.84(2) 03-04 
1.88 03-04 

04-04 
m 

1.86(3) 01-01 
1.87(4) 02-01 
1.83(4) 02-01 
1.83(4) 03-01 
1.85 03-01 

02-03 
m 

K-O polyhedra 
2.56(4) K2-03 
2.63(4) 04 
2.49(4) 02 
2.80(4) 03 
2.99(4) 01 
3.12(4) 03 
3.43(4) 04 
3.60(4) 04 

01 

K-K distances 
3.49(4) K2-Kl 
3.44(4) Kl 
3.33(2) 2K2 
3.33(2) 

3.12 
3.20 
2.45 
2.79 
3.09 
2.92 

2.99(3) 2.97(5) 
2.99(3) 3.19(6) 
3.01(3) 3.04(5) 
3.07(2) 3.16(5) 
2.93(3) 3.02(5) 
2.92(l) 3.07(4) 
2.99 3.08 

2.97 
2.99 
2.92 
3.01 
2.97 
2.77 

2.99(l) 3.07(4) 
2.95(3) 2.94(5) 
2.97(3) 2.99(5) 
3.03(3) 3.02(5) 
3.02(3) 3.05(5) 
2.94(2) 3.01(5) 
2.98 3.01 

2.71 2.75(2) 2.86(4) 
2.62 2.81(2) 2.71(4) 
2.85 2.85(2) 2.77(4) 
2.94 2.91(3) 2.88(4) 
2.85 3.00(2) 2.90(4) 
3.01 3.08(3) 3.20(4) 
3.50 3.18(2) 3.33(4) 
3.39 3.28(2) 3.27(4) 
3.56 3.56(2) 3.57(4) 

3.40 3.39(l) 3.33(2) 
3.40 3.39(l) 3.33(2) 
3.42 3.45(l) 3.54(2) 

- 
(1 As obtained from the initial structure determination (1 I). 
* From refinement R2 (see text). 
c Corresponding distances in K2ZnGe04. 

Several compounds with a general for- 
mula AzM ‘&PO.,, where A is an alkali atom, 
M’ a divalent metal atom, and M” a te- 
travalent metal atom exhibit structures iso- 
typic with the KGaO* structure; Na2BeSi04 
(2, 3), the high-temperature modifications 
of Na2ZnSi04 and Na2ZnGe04 (I), 
NadGao.Zno.dSiQ and NaldGao.2Zno.d 
Ge04 (4, (NadGdZnGe04 (3, K2 
ZnGe04, K2ZnSi04, and Rb2ZnGe04 (this 
study). 

In general, the space group for the C-type 
structures of the A2M’M”04 compounds 
will be determined by the distribution of the 
M’04 and M”04 tetrahedra in the structure. 
A statistical distribution implies that the 
space group is Pcab while an ordered and 
alternating arrangement implies that the 
space group is Pca21. 

The space group Pca2, is in principle dis- 
tinguishable from the space group Pcab by 
the presence of observed reflections hM) 
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with k # 2n, which are allowed in Pca2, but 
systematically absent in Pcab. For 
Na2BeSi04 and Na1,s(G~.2Zn0.s)Si04 it is 
clear that the space group is Pca21 and that 
the M’04 and M”04 tetrahedra alternate. 
The observed relative intensity of the 210 
reflection, the strongest hM) reflection with 
k # 2n, is 27 and 15%, respectively. Alter- 
native distributions of M’OJ and M”04 tet- 
rahedra markedly increase the R factors 
compared with the alternating arrange- 
ment. 

For the above listed C-type A&I’M”04 
compounds with M ’ = Zn and M” = Ge, 
the distributions of Zn04 and Ge04 tetrahe- 
dra could not be determined from the X-ray 
diffractometer data, due to the very similar 
X-ray scattering power of Zn and Ge. The 
observed relative intensity of the 210 re- 
flection is consequently much lower for 
these compounds; -1% for (Na,.,KoJ 
ZnGe04, ~0.3% for Nal.8(G~.*Zno.8)Ge04, 
and -0.1% for K2ZnGe04. For 
(Na,.4K0.6)ZnGe04 the 210 peak is clearly 
visible, implying that the correct space 
group is Pca2,. For Nal.s(Gao.zZno.B)GeO~, 
the data are insufficient to establish the 
presence of the 210 peak and thus the cor- 
rect space group. 

In the case of KzZnGe04, the 210 peak 
clearly appears to have a nonzero intensity. 
Unfortunately the peak is partly overlapped 
by a K2Ge03 impurity peak and its presence 
cannot be affirmed with full certainty. For 
the analogous compound K2ZnSi04 the 210 
peak is clearly visible in overexposed 
Guinier-Hagg films and has an estimated 
intensity of =l%. 

We conclude that the X-ray data used in 
the refinement of the KzZnGe04 structure 
are not sufficient to determine the correct 
space group or distribution of ZnO., and 
GeOr tetrahedra. The alternating arrange- 
ment of M’04 and M”04 tetrahedra is, how- 
ever, found for all the A2M’M”04 corn- 
pounds for which one is able to distinguish 
alternative distributions. The alternating ar- 
rangement furthermore offers a better local 

electroneutrality than a statistical distribu- 
tion, which suggests that the correct space 
group for the K2ZnGe04 structure is Pca21 
and that Zn04 and Ge04 tetrahedra alter- 
nate . 

The compounds K&‘M”Od with 
M’M” = BeSi, MgGe, CdSi, CdGe, and 
ZnSi have been reported as cubic-filled cris- 
tobalites ( 17). 

Finally it may be noted that the C-type 
structure is a high-temperature modifica- 
tion in the case of NaGaOz, NazZnSiOd, and 
NazZnGe04, while the simlar compounds 
y-NaFeOz and y-NaA102 apparently do not 
adopt this structure (28), but are isostruc- 
tural with y-LiAIOz (19). 
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