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Ba-Ba, K-K or Ba-K). In the present results and in 
the earlier work of Sabine & Hewat (1982), this shows 
up as an RMS static displacement contribution to the 
/333 anisotropic thermal parameters. In all the sub- 
stituted hollandites, the apparent RMS amplitude of 
vibration U33 along the tunnels [given by 
(~33c2/2,t't-2) 1/2] is between two and three times the 
RMS amplitude Ull or U22 [given by (~11c2/2¢r2) ~/2] 
perpendicular to the tunnel axis. In the Ba(1.24) 
hollandite, U~ = U33 and U~ is comparable with the 
values in the substituted specimens. On the assump- 
tion that the thermal vibrations are approximately 
isotropic and the Ull values are predominantly ther- 
mal in nature, an estimate of the RMS static displace- 
ment Us will be given by U]3 = U2~ + U 2. Interpreted 
in this way individual off-centre shifts in the K and 
Rb hollandites can be anywhere between 0.15 and 
0.65/~. In the Cs-substituted hollandite the shifts are 
between 0.10 and 0.40 ,~. The extent to which posi- 
tional disorder contributes to U33 and UI! is currently 
under investigation. 

I wish to acknowledge the support given to this 
work by the Australian Atomic Energy Commission 
(Research Contract No. 82/X/1) and the Australian 
Institute of Nuclear Science & Engineering. 
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Abstract 

A new compound, Mg7Ga2GeOi2, has been identified 
in the MgO-Ga203-GeO2 system (at 1 atmosphere 
pressure). Its unit cell is orthorhombic with pa- 
rameters a=5.8493(5) ,  b=25.449(3)  and c=  
2.9816(3) /~, with V = 4 4 3 . 8 / ~  3, Z = 2 ,  Ox = 
4-30gcm -3 and M,=574.2.  A structural model, 
determined from powder X-ray diffraction data, 
shows that it is isostructural with FegPO~2. Its crystal 
structure is simply related to that of the spinelloid 
phases and, like them, can be described as an inter- 
growth of the rock salt and/3-Ga203 types. 

0108-7681 / 87/010034-07501.50 

1. Introduction 

We recently reported the identification of a new com- 
pound, Mg3Ga2GeOs(III) (Barbier & Hyde, 1986), 
stable at atmospheric pressure in the MgO-Ga:O3- 
GeO2 system and isostructural with the spinelloid 
/3-phase [e.g. fl-C02SiO4 (Morimoto, Tokonami, 
Watanabe & Koto, 1974) and Ni3A12SiOs(III) (Ma 
& Sahl, 1975)]. Mg3Ga2GeO8(III) was the first 
(pseudo)ternary phase identified in that system, while 
the previously known (pseudo)binary phases - in the 
magnesium-rich region of the phase diagram - 
included MgGa204 spinel (e.g. Schmalzried, 1961), 
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Mg2GeO4 olivine (e.g. Dachille & Roy, 1960) and 
Mg14GesO24 (Von Dreele, Bless, Kostiner & Hughes, 
1970) (Fig. 1). The present paper reports the iden- 
tification and characterization of another (pseudo)- 
ternary compound, Mg7Ga2GeO~2, stable at atmos- 
pheric pressure in the MgO-Ga203-GeO2 system. 

2. Experimental 

Syntheses were carried out by high-temperature sin- 
tering of constituent oxide powders: appropriate 
amounts of high-purity (99.99% or better) MgO, 
Ga203 and GeO2 were mixed, pressed into pellets 
and allowed to react at 1373 K in air for two days 
with intermediate re-mixing operation. Portions of 
the product were then sealed in Pt tubes, annealed 
at 1673 K for two days, and finally quenched in air. 
(The use of sealed Pt capsules was necessary in order 
to prevent loss of GeO2 vapour.) 

The nature of the reaction products was checked 
by powder X-ray diffraction with a Guinier-H/igg 
focusing camera using monochromatized Cu radi- 
ation [A(Ka~)=l .5406A].  Silicon (a = 5.4305 A) 
was used as an internal standard; 5-< 20-< 80°; rotat- 
ing sample. Unit-cell parameters were refined by 
means of local least-squares refinement programs. 

Some samples were also examined by electron 
diffraction and high-resolution electron microscopy 
using a JEOL 200CX electron microscope. For this 
purpose, a finely ground powder was dispersed in 
1-butanol and deposited on a holey carbon film sup- 
ported by a copper grid. 

3. Results 

The new compound was first recognized in reaction 
products from the slow decomposition of 
Mg3Ga2GeO8(III) (through evaporation of GeO2) 
when heated in air at 1673 K. In order to locate its 
exact composition, several samples with bulk compo- 
sitions in the MgO-MgGa204-Mg2GeO4 triangle 
were prepared which yielded various mixtures of the 
phases shown in Fig. 1. One sample with nominal 
composition 7MgO.Ga203.GeO2 yielded a single- 
phase product, the powder X-ray diffraction pattern 
of which is given in Table 1.* With the help of an 
automatic indexing program (Visser, 1969), this pat- 
tern could be successfully indexed on a C-centred 
orthorhombic unit cell with the parameters a = 
5.8493 (5), b = 25.449 (3), c = 2.9816 (3)/~ and Z = 2 
(for the ideal composition Mg7Ga2GeO~2). The sys- 
tematic extinctions, hkl, h + k ~ 2n, lead to three pos- 
sible space groups, C m m 2 ,  C222 and C m m m ,  among 
which the last one only is centrosymmetric. 

* Powder diffraction data have been deposited with the British 
Library Document Supply Centre as Supplementary Publication 
No. SUP 43225 (2 pp.). Copies may be obtained through The 
Executive Secretary, International Union of Crystallography, 5 
Abbey Square, Chester CH1 2HU, England. 

The symmetry and approximate cell dimensions 
were confirmed by electron diffraction from micro- 
scopic single crystals: Fig. 2 shows the [001] and 
[100] zone-axis electron diffraction patterns with the 
hkl, h + k # 2n reflections missing. 

At this stage a structural model (Figs. 3 and 4) was 
developed for Mg7GaEGeO12, based on the following 
considerations: 

(a) The composition lies on the MgO- 
Mg2GaaGeOs join in the MgO-Ga2Oa-GeO2 phase 
diagram (cf. Fig. 1), suggesting that the new com- 
pound might result from intergrowth of the two end- 
members. 

(b) The unit-cell paramete~ are simply related to 
those of the /3-phase Mg3GaEGeO8(III), i.e. a ~-a s,  
b = 3c~ and c ~- b~/4,  indicating that the new structure 
is also based on an approximate cubic eutaxy of O 
atoms, with metal atoms in octahedral and tetrahedral 
coordination. 

The validity of this model was checked by calculat- 
ing the intensities of the X-ray powder diffraction 
lines of the model structure [using the program 
L A Z Y - P U L V E R I X  (Yvon, Jeitschko & Parth6, 
1977)] for comparison with the observed intensities. 
The calculations were carried out with a perfect c.c.p. 
oxygen array and atoms in the following positions of 
the C m m m  space group: 

M(1) 2(a) 0 0 0 
Octahedral sites M(2) 2(b) ½ 0 0 

I 7Mg+Ga M(3) 4(i) 0 ~ 0 
l 1 I M(4) 8(q) z ,~ 

Tetrahedral sites T 4(j) 0 7 2-~ 
Ga + Ge 

1 0(1) 4(h) -~ 0 
l 0 0(2) 4(i) 0 ,-~ 

0(3) 4(i) 0 43- 0 
0(4) 4(i) 0 5_,2 0 

1 I i 0(5) 8(q) ~ ~ 

MgO 

Fig. 1. Schematic phase diagram of the MgO-rich region of the 
MgO-Ga203-GeO2 system at atmospheric pressure and 1673 K. 
Two (pseudo)ternary phases have been identified: Mg3Ga 2_ 
GeOs(III) with the /3-phase structure (Barbier & Hyde, 1986) 
and Mg7GaEGeO12 (this work). 
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T a b l e  1. Powder X-ray  diffraction pattern of 
M g 7 G a E G e O 1 2  

A l l  c a l c u l a t e d  l i n e s  h a v e  b e e n  i n c l u d e d  i n  t h e  r a n g e  0 -  < 2 0 - <  64*. 21 u n o b -  

s e r v e d  l i n e s  w i t h  c a l c u l a t e d  i n t e n s i t i e s  l e s s  t h a n  1 %  h a v e  b e e n  o m i t t e d  i n  

t h e  r a n g e  6 4 - <  2 0  -< 80  °. 

2 0 ( ° )  I / Io I ~ c  d~p(A) t i c k l e ( A )  h k ! A 2 0 * ( ° )  

- -  - -  8 - -  

13-88 4 5 6.37 
15"50 5 0"1 5.71 
18"38 3 5 4.823 

- -  - -  0 

23.14 35 23 3.841 
28.02 8 7 3.182 
28.89 20 34 3-088 
29-93 15 11 2-9827 
30-54 13 10 2.9248 
30.77 15 8 2.9030 
31-35 20 23 2"8512 
33"15 3 0.5 2.7000 
33.70 35 22 2-6576 

12.72 0 2 0 - -  

T a b l e  1 (cont.) 

2 0 ( ° )  I / I  o I~,¢ de,v(A) dc~c(A) h k i A 2 0 * ( ° )  

78-34 4 4 1.2195 1.2196 0 12 2 0-007 
78-79 3 3 1-2137 1"2136 4 8 1 -0"007 
79.58 6 4 1"2037 1"2039 4 12 0 0.016 

* A20 = 20~xv-20~1¢. 

This  set  o f  a t o m i c  c o o r d i n a t e s  a n d  c a t i o n  d is tr ibu-  
6 - 3 6  0 4 0 -0"028  
5.70 1 1 0 -0 .029  t i ons  r e s u l t e d  in a s a t i s f a c t o r y  a g r e e m e n t  b e t w e e n  
4.815 1 3 o -0 .030  o b s e r v e d  a n d  c a l c u l a t e d  in tens i t i e s  (cf. T a b l e  1; the  
4-241 0 6 0 - -  
3"840 1 5 o -O.OLO re l iabi l i ty  f a c t o r  R = Y~lIo-Icl/Y.Io = 0 . 3 3 ) ,  thus  sup-  
3.181 0 8 0 -0 .008  p o r t i n g  the  s tructural  m o d e l  p r o p o s e d .  
3-088 1 7 0 -0 -003  

2.9816 0 0 1 - 0 . 0 1 2  A d d i t i o n a l  i n f o r m a t i o n  c o n s i s t e n t  w i t h  this  m o d e l  
2"9246 2 0 0 -0 .001  
2.9o30 o 2 1 -o.ool w a s  p r o v i d e d  by  e l e c t r o n  d i f f rac t ion  a n d  h i g h - r e s o -  
2 . 8 5 0 3  2 2 0 - 0 . 0 1 0  
2.6998 0 4 1 - 0 . 0 0 2  
2"6573 2 4 0 -0 -003  

D 

35.22 1 62 { 79 

35"381 I~77 
37-27 5 2 
38.18 26 32 
41-50 13 12 

- -  - -  0.2 
- -  - -  2 

42.11 18 9 
42.59 18 19 
43.30 46 35 
43.91 44 35 
45.70 4 7 

-- -- 0 

-- -- 0'8 
46-91 7 7 

-- -- 2 

-- -- 0.4 

-- - -  0 

-- -- l 

50.07 12 3 
-- -- 6 

52'94 6 4 

53"30 11 {64 

56.43 6 2 

- -  - -  0-3 
- -  - -  4 

57.46 22 9 
- -  - -  0"8 

58.53 7 0 
59.43 10 8 

- -  - -  3 

I 

0.6 

62.74J [ 78 
- -  - -  0 

63.57 27 18 
64.18 3 3 
66.59 6 3 
66.93 6 0 
67-31 4 2 
70.01 3 5 

7 0 .  4 
71"35 3 4 
71 '84 2 2 

72.35 5 {12 

72-67 11 4 

, 61 ,4 { 4  
0.1 

74.01 5 2 
74.13 5 1 

75.83 3 1 

- -  2.6420 1 1 1 - -  
f 2 . 5 4 5 8  1 9 0 - 0 . 0 0 3  

2.5460 .~[2.5449 0 10 0 -0 -016  

2.5352 2.5350 1 3 l - 0 . 0 0 3  
2.4108 2.4077 2 6 0 - 0 . 0 4 8  
2"3553 2.3549 1 5 l - 0 . 0 0 6  
2"1740 2"1754 0 8 1 0"028 

- -  2.1530 2 8 0 - -  
- -  2.1513 1 11 0 - -  

2.1443 2.1448 1 7 1 0-011 
2.1209 2.1207 0 12 0 - 0 . 0 0 4  
2.0880 2.0879 2 0 1 - 0 . 0 0 3  
2.0603 2.0603 2 2 1 0.001 
1"9835 1"9834 2 4 1 0-007 

- -  1.9440 3 1 0 - -  
- -  1'9361 1 9 1 - -  

1-9354 1"9357 0 10 1 0.008 
- -  1"9198 2 10 0 - -  
- -  1.9002 3 3 0 - -  
- -  1'8732 2 6 1 - -  
- -  1-8564 1 13 0 - -  

1.8204 1.8207 3 5 0 0.009 
1'8178 0 14 0 - -  

~ 1'7455 2 8 1 0"014 1"7451 
t 1'7446 1 !1 I -0"014  

1"7283 I "7282 0 12 1 -0"003 
,[1"7183 3 7 0 0"028 

1-7174 
L1-7169 2 12 0 -0"019  

l '6294 ~" 1 "6294 1 15 0 0"002 
t 1"6285 3 1 1 - 0 . 0 3 4  

- -  1.6142 2 10 1 - -  
- -  1'6052 3 9 0 - -  

1 "6024 1 '6024 3 3 1 0"001 
- -  1 '5906 0 16 0 - -  

1-5758 1"5759 1 13 1 0 '005 
1"5539 1"5539 3 5 1 0"000 

- -  1-5521 0 14 1 - -  
- -  1.5439 2 14 0 - -  
- -  1.4909 3 11 0 - -  

1"4908 1-4908 0 0 2 0-001 
- -  1 "4887 3 7 1 - -  

1 "4877 1 "4878 2 12 1 0"007 
- -  1"4807 0 2 2 - -  

1 '4623 1 "4623 4 0 0 0.001 
1 '4499 1-4502 1 17 0 0 '016 
1-4032 1"4033 0 16 1 0"010 
1"3970 1'3973 2 16 0 0-015 
1.3899 1-3897 1 5 2 -0 -008  

1.3427 1"3425 1 7 2 -0"013 
f l - 3 2 8 7  4 8 0 0"008 

1-3285 [1"3282  2 0 2 -0 -020  

1'3208 1"3210 2 2 2 0-012 
1"3130 1 '3129 4 0 1 -0 .003  

~1-3056 1 19 0 0"037 1"3050 tl.3042 1 17 1 -0"056  b 
1"3000 l '~fi02 2 4 2 0.007 

[ '1 '2864 1 9 2 0-044 
1"2858 /1"2863 0 10 2 0-036 

/ 

tl.2858 4 4 1 0-003 Fig. 2. (a) [001] and (b) [100] zone-axis electron diffraction pat- 
1.2798 1.2799 3 15 0 0.003 terns of  Mg7Ga2GeO12. Note the absence of the hkl, h + k ~ 2n 
1.2780 t1"2775 0 18 1 -0"034  reflections consistent with the C-centred unit cell. Reflections 
1-2677 ~1-2679 4 10 0 0 -011  corresponding to the [110] zone of the MgO unit cell have been tl.2675 2 6 2 - 0 . 0 1 7  
1"2536 1"2542 4 6 I 0 . 0 4 3  emphasized in ( a ) .  

o 

• 

o 

0 0 1  ° 
° " ~ O o e ~ * e e O e e e .  

o 
o 

o. 
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o 

o 
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lufion electron microscopy. [001] zone-axis electron 
diffraction patterns (cf. Fig. 2 and the diffraction 
pattern in Fig. 5) showed intense substructure reflec- 
tions corresponding to a [110] zone-axis diffraction 
pattern of the face-centred cubic MgO unit cell with 
the orientation relationships [001]sub [[ [010]  and 
[ i l  0]subl[ [ 100]. This observation is consistent with the 
proposed MgTGa2GeO12 structure depicted in Figs. 3 
and 4, containing large blocks with the rock-salt 
structure. 

A high -resolution image of an Mg7Ga2GeO12 crys- 
tal viewed down the [001] zone axis (Fig. 5) shows 
double rows of bright dots parallel to the a axis. By 
comparison with the drawing of the [001] projection 
of the structure (Fig. 3), these dots can be associated 
with the projected positions of the [001] rows of 
comer-sharing (Ga,Ge)O4 tetrahedra. 

High-resolution imaging also revealed a number of 
faulted crystals, the faults being perpendicular to the 
b direction (Fig. 6). This is again consistent with t h e  
Mg7Ga2GeO12 structure being built up of blocks 
stacked in the b direction. However, no significant 
intergrowths nor highly disordered crystals were 

.I 

'[ 
0[ 
.I 

T T T T 

B 

J 

1 

Fig. 4. The ideal MgTGa2GeO12 structure projected on (100). (B) 
and (G) symbols as in Fig. 3. Note the straight [001] rows of 
corner-sharing tetrahedra generated by the T boundaries. Large, 
medium and small circles are (Ga,Ge), (Mg,Ga) and O atoms 
respectively. Open, filled and dotted circles (cations only) are 
at heights 0, 50 and +25 (in units of a/100) respectively (half- 
filled circles are at heights 0 and 50). The heights of O atoms 
are given in units of a/100. 

y 

Lx 
Fig. 3. The ideal MgTGa2GeO12 structure projected on (001), con- 

sisting of blocks with the rock-salt (B) and/3-Ga203 (G) struc- 
tures alternating in the y direction. Large, medium and small 
circles are (Ga,Ge), (Mg,Ga) and O atoms respectively. Open 
and filled circles are at heights 0 and 50 (in units of c/100) 
respectively. 

Fig. 5. High-resolution image of a MgTGa2GeO12 crystal viewed 
down the [001] zone-axis. The double rows of bright dots are 
associated with the projected positions of the [001] rows of 
(Ga,Ge)O4 tetrahedra (cf. Fig. 3). One unit cell has been outlined. 
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observed in multiphase samples containing MgO, 
MgTGa2GeO12, Mg3Ga2GeOs(III) and MgGa204. 

4. Discussion 

The structure proposed for MgTGa2GeO12 shows that 
it is isostructural with F e 9 ( P O 4 ) O s ,  recently identified 
and characterized by Venturini, Courtois, Steinmetz, 
Gerardin & Gleitzer (1984). It is also closely related 
to a rare iron silicate, Fe7SiO]o (iscorite), the structure 
of which was first determined by Smuts, Steyn & 
Boyers (1969) and recently refined by Modaressi, 
Malaman, Gleitzer & Tilley (1985). 

The structure determination of Fe9(PO4)Os has 
established that the tetrahedral sites are occupied by 
P and divalent Fe atoms [most probably in an ordered 
way as indicated by weak superstructure reflections 
corresponding to a doubling of the a and c cell 
parameters (Modaressi et al., 1985)] leading to the 
cation distributions VI[Fe~+Fe3+]IVFe2+IVp012 with, 
however, some remaining uncertainty concerning the 
exact distribution of Fe 2+ and Fe 3+ atoms on the 
octahedral sites. Similarly the cation distribution in 
MgTGa2GeO12 may be written as VI[Mg7Ga]- 
W[GaGe]O12, which is also consistent with the cation 
distribution in the B-phase Mg3Ga2GeOs(III) (Bar' 
bier & Hyde, 1986). Electron diffraction did not reveal 

Fig. 6. Faulted Mg7Ga2GeO12 crystal seen along the [101] direc- 
tion. Faults such as these, perpendicular to the y direction, might 
correspond to 'errors' in the thickness of the rock-salt or/]-Ga203 
blocks in the MgTGa2GeO12 structure. 

any superstructure, which indicates that the Ga and 
Ge atoms are disordered on the tetrahedral sites. 

Although the Fe9(PO4)Os and MgTGa2GeO12 crys- 
tal structures correspond to a new structure type, we 
show below that they are very simply related to well- 
known structures such as spinel (and the spinelloids) 
and/3-Ga203. 

As described by Hyde, White, O'Keeffe & Johnson 
(1982), the spinel structure (Fig. 7a) is built up of 
identical blocks, stacked in the [110] direction and 
related by antiphase boundaries (S). (These blocks 
are emphasized in Fig. 7b, which shows only the 

7 O-- ,+27 O -  

[olo1, =[TlO]c 
(a) 

$ 

m o ~  

o 

o 

o o 

o 

o 

[001]L[]10 ] 

s s s s 

2 2  -°-  o o 

o 
@ @ • 

o 

o 

o 

o 

° °1 
o o o 

o 
@ 

~) 
Fig. 7. (a) The spinel structure of */-Fe2SiO 4 projected on (110)c = 

(100), [Where the subscripts c and t refer to the face-centred 
cubic cell and the smaller body-centred tetragonal cell respec- 
tively - the latter being related to the former by the matrix 
(½½0/-½~/001).] Large, medium and small circles represent Si, 
Fe and O atoms respectively. Cation heights are given in units 
of a,/8 and anion heights in units of a,/lO0. The left-hand part 
of the figure emphasizes the intergrowth of/3-Ga203 elements 
(V-shaped columns) and rock-salt elements (single octahedral 
columns). (b) As (a) but with anions omitted. The elementary 
building blocks of the spinel and spinelloid structures have been 
emphasized. Adjacent slabs are related by antiphase boundaries 
(s). 
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cations. The displacement vector between adjacent 
slabs is R =a[112] /4 ,  which leaves the oxygen array 
invariant to a first approximation.) The same blocks 
are readily recognized in the [100] projection of the 
Mg7Ga2GeO~2 structure (Fig. 4), alternating with ele- 
ments of the rock-salt structure along the b direction. 
In this case, however, they repeat by simple transla- 
tion parallel to the c axis so that all the S boundaries 
of the spinel structure have been replaced by pseudo- 
mirror planes [or T (twin) boundaries in the notation 
of Hyde et  al. (1982)]. This generates straight rows 
of corner-sharing TO4 tetrahedra, and an identical 
rod unit is encountered in the structure of the 
hypothetical end-member of the spinelloid family, 
the so-cal led/2-phase depicted in Fig. 8. [Indeed the 
O-phase structure is generated from the spinel struc- 
ture - the other end-member of the spinelloid series 
- by the same operation as described above, i.e. the 
transformation of all S boundaries into T boundaries 
(Hyde et  al., 1982).] It follows that, as illustrated by 
Figs. 4 and 8, the Mg7Ga2GeO~2 structure can be 
regarded as an intergrowth of the D-phase and rock- 
salt structures along [010], which can be formulated 
as follows: 

MgTGaEGeO~2 = 4 MgO (rock salt) 

+ Mg3Ga2GeOs (D-phase) 

et  al., 1982) and, to our knowledge, MgTGa2GeOt2 is 
the first example of an oxide in which the D-phase 
is recdgnized as such. [D-phase blocks also occur in 
the Fe7SiO~o (iscorite) structure but are, in this case, 
intergrown with two rock-salt (FeO) blocks of 
different sizes, leading to a monoclinic unit cell.] 

,~--N-~&-~-7-~E~-,6, - ,,~x~ ~s ? 

o 

\ - ~ ' V - Y - ' C ~  ~'2,/ 
y ,  

(a) 

Referring to the MgO-Mg3Ga2GeO8(III) join in 
the phase diagram (Fig. 1 ) i t  then appears that / / ~ ~ F / ~  , ~  ~ C ~ _ ~ _ _ ~ 2  , - ,  
intergrowth of the two end-members promotes the 
transformation from the spinel loid/ / -phase into the ~ - ~ - _ ~ ~ _ - _ ~  ~'x~--~'-~-~--~- 
spinelloid D-phase. The latter has been proposed as 
the first step in a martensitic-type mechanism for the , t ~ - - ~ ~  
high-pressure olivine-~ spinel transformation (Hyde 

~o, :l'~.x~.~.~:~ r"¢'. x)2 ~ ~r:  

'~i!! ~ ~ (~) 
3 i :: g : Fig. 9. (a) The fl-Ga203 structure projected along zm = Zo. (The 

subscripts m and o refer to the true monoclinic and equivalent 
~ ~  "~x~ "I~ ~ - -  orthorhombic unit cells respectively- cf. Fig. 9b.) Large and 

Fig. 8. The structure of the hypothetical spinelloid D-phase projec- 
ted on (100) (after Hyde et al., 1982). The relation to the 
MgTGa7GeOt2 structure (Fig. 4) is obvious: the only difference 
lies in the thickness of the rock-salt layer alternating with /3- 
Ga203 elements. [The larger olivine-related unit cell illustrates 
the fact that the D-phase structure corresponds to a cubic stack- 
ing of (001) olivine layers (Hyde et al., 1982).l 

medium circles are Ga atoms in tetrahedral and octahedral 
coordination respectively. Small circles are O atoms. Heights 
are given in units of c/100. Compare with Figs. 4 and 8. (b) The 
/3-Ga203 structure projected on (010). Both the monoclinic and 
equivalent orthorhombic unit cells have been outlined. Large 
and medium circles are Ga atoms and small circles are O atoms. 
Open and filled circles are at heights 0 and 50 (in units of b~ 100). 
Compare with Figs. 3 and 10. 



40 Mg7Ga2GeOl2 

The infinite rows of corner-sharing tetrahedra pres- 
ent in the Mg7Ga2GeOl2 and O-phase structures are 
also found in the fl-Ga203 structure, parallel to the 
b direction (Fig. 9a).* In Mg7Ga2GeOi2 the fl-Ga203 
blocks (denoted G in Figs. 3 and 4) have the 
stoichiometry MgGa2GeO6= V'(MgGa)IV(GaGe)O6 
and alternate in the y direction with rock-salt blocks 
(denoted B for B1) with the stoichiometry Mg606. 
Accordingly the Mg7Ga2GeOl2 structure can be 
described as an intergrowth of the fl-Ga203 and rock- 
salt structure types, which is best recognized by com- 
paring Figs. 3 and 9(b) (i.e. the short-axis projections 
for both structures). 

The O-phase can similarly be regarded as an inter- 
growth of the fl-Ga203 and rock-salt structures, which 
can be formulated as A2B408 = 2BO (rock salt) and 
2ABO3 (fl-GaEO3),t where A and B are tetrahedral 
and octahedral cations respectively. Because the /2- 
phase and spinel structures are built of the same 

* And also, of course, in other structures e.g. sillimanite AI2SiOs. 
,~ Note that the fl-Ga203 structure is (crystallographically) quin- 

quenary, with two cation sites, as well as three anion sites. 

B 

G 

B 

G 

z t 8 

~ gf 

Fig. 10. The structure of a single (y-Fe2SiO 4) spinel block projec- 
ted on (100),. Large, medium and small circles are Si, Fe and 
O atoms respectively. Atom heights (in units of aJlO0) refer to 
the tetragonal spinel unit cell. Arrows indicate the crystallo- 
graphic shear operation needed to transform the spinel structure 
into the fl-Ga203 structure. Compare with Fig. 9(b). 

blocks (cf. above), it follows that the spinel structure 
itself can also be described as an intergrowth of the 
rock-salt and fl-Ga203 structure types. This is illus- 
trated in Fig. 10 showing the [100], = [l l0]c projec- 
tion of a single spinel block: once again, rock-salt 
(B) and fl-Ga203 (G) elements alternate in the z 
direction, and the relation to the/3-Ga203 structure 
(Fig. 9b) is obvious. Consequently the spinel struc- 
ture, as a whole, consists of alternating columns of 
MgO and /3-Ga203 types (or columns of MgO in a 
fl-Ga203 matrix) (cf. left-hand side of Fig. 7a). 

The easy intergrowth of these two structures could 
explain the rather strange behaviour in the high- 
temperature region of the phase diagrams of systems 
such as NiO-AI203, MgO-AI203 and MgO-Ga203. 
In all cases the solubility of A1203 (Ga203) in spinel 
is enormous, e.g. up to - 8 4 %  A1203/16% MgA1204 
at 2193 K. Recalling that one modification of alumina, 
0-A1203, has the fl-Ga203 structure, it appears that 
the solubility is simply due to an increase in the ratio 
of f l -Ga203/MO elements in the structure of the 
non-stoichiometric 'spinel' phase. As well, the various 
high-temperature metastable phases widely reported 
in these systems (e.g. Bassoul, Lefebvre & Gilles, 
1974) are likely to result from ordered intergrowths 
of the fl-Ga203 and rock-salt compounds at high 
/3-Ga203/MO ratios. (Note, however, that the pres- 
ent Mg7Ga2GeOl2 structure corresponds to a low 
/3-Ga203/MO ratio.) 
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