34 K, Rb AND Cs SUBSTITUTION IN BARIUM HOLLANDITE

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
B33 anisotropic thermal parameters. In all the sub-
stituted hollandites, the apparent RMS amplitude of
vibration U,; along the tunnels [given by
(Bs3¢/27%)?] is between two and three times the
RMS amplitude U}, or U,, [given by (B,,¢*/27%)"/*]
perpendicular to the tunnel axis. In the Ba(1-24)
hollandite, U,, = U,; and U,, is comparable with the
values in the substituted specimens. On the assump-
tion that the thermal vibrations are approximately
isotropic and the U,, values are predominantly ther-
mal in nature, an estimate of the RMS static displace-
ment U, will be given by U3; = U?, + U?. Interpreted
in this way individual off-centre shifts in the K and
Rb hollandites can be anywhere between 0-15 and
0-65 A. In the Cs-substituted hollandite the shifts are
between 0-10 and 0-40 A. The extent to which posi-
tional disorder contributes to Us;; and Uy, 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, Mg;Ga,GeO,,, has been identified
in the MgO-Ga,0,-GeO, system (at 1 atmosphere
pressure). Its unit cell is orthorhombic with pa-
rameters a=>5-8493(5), b=25449(3) and c=
2:9816(3) A, with V=443-8A%, Z=2, D,=
4-30gem™ and M,=574-2. A structural model,
determined from powder X-ray diffraction data,
shows that it is isostructural with Fe,PO,,. 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 B-Ga,0; types.

1. Introduction

We recently reported the identification of a new com-
pound, Mg;Ga,GeO;(11I) (Barbier & Hyde, 1986),
stable at atmospheric pressure in the MgO-Ga,0;~
GeO, system and isostructural with the spinelloid
B-phase [e.g. B-Co0,Si0, (Morimoto, Tokonami,
Watanabe & Koto, 1974) and Ni;ALSiOgx(III) (Ma
& Sahl, 1975)]. Mg;Ga,GeOg(IIl) 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 MgGa,O, spinel (e.g. Schmalzried, 1961),
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Mg,GeO, olivine (e.g. Dachille & Roy, 1960) and
Mg,,GesO,, (Von Dreele, Bless, Kostiner & Hughes,
1970) (Fig. 1). The present paper reports the iden-
tification and characterization of another (pseudo)-
ternary compound, Mg;Ga,GeO,,, stable at atmos-
pheric pressure in the MgO-Ga,0,-GeO; 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,
Ga,0; and GeO, 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 GeO, vapour.)

The nature of the reaction products was checked
by powder X-ray diffraction with a Guinier-Hagg
focusing camera using monochromatized Cu radi-
ation [A(Ka,)=1-5406 A]. Silicon (a=5-430524)
was used as an internal standard; 5= 26 < 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
Mg;Ga,GeOg(I1I) (through evaporation of GeO,)
when heated in air at 1673 K. In order to locate its
exact composition, several samples with bulk compo-
sitions in the MgO-MgGa,0,~Mg,GeO, triangle
were prepared which yielded various mixtures of the
phases shown in Fig. 1. One sample with nominal
composition 7Mg0.Ga,0,.GeO, 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) A and Z =2
(for the ideal composition Mg;Ga,GeO,,). The sys-
tematic extinctions, hkl, h+ k # 2n, lead to three pos-
sible space groups, Cmm?2, C222 and Cmmm, 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 Mg,;Ga,GeO,,, based on the following
considerations:

(a) The composition lies on the MgO-
Mg,Ga;GeOyg join in the MgO-Ga,0,-GeO, phase
diagram (cf. Fig. 1), suggesting that the new com-
pound might result from intergrowth of the two end-
members.

(b) The unit-cell parameters are simply related to
those of the B-phase Mg;Ga,GeOg(11l), ie. a=agz,
b=3¢g and ¢ = bg/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
LAZY-PULVERIX (Yvon, Jeitschko & Parthé,
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 Cmmm space group:

M) 2a) 0 0 0
Octahedral sites M(2) 2(b) 5 0 0
TMg+Ga M@3) 4G 0 &+ 0
M) 8(¢q) i = 3
Tetrahedral sites T 4) 0 % 3
Ga+Ge
o(1) 4h) L1 0o %
0(2) 4i) 0 H O
Oo3) 4@ 0 3 0
o@4) 4G) 0 & O
o) 8(q) %+ & 1%
Mgo
M97G=zG°°12:?
E Mg,,Ge50s4
: ”92G°°‘

olivine

‘/G"zoa

Fig. 1. Schematic phase diagram of the MgO-rich region of the
MgO-Ga,0,-GeO, system at atmospheric pressure and 1673 K.
Two (pseudo)ternary phases have been identified: Mg,;Ga,.
GeOy(111) with the B-phase structure (Barbier & Hyde, 1986)
and Mg,Ga,GeO,, (this work).

Ge0ay
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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
Mg;Ga,GeO,, 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 ¢ 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 TO, tetrahedra, and an identical
rod unit is encountered in the structure of the
hypothetical end-member of the spinelloid family,
the so-called Q2-phase depicted in Fig. 8. [Indeed the
02-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 Mg,Ga,GeO,, structure can be
regarded as an intergrowth of the £2-phase and rock-
salt structures along [010], which can be formulated
as follows:

Mg,Ga,GeO,, =4 MgO (rock salt)
+ Mg,Ga,GeOyg (£2-phase)

Referring to the MgO-Mg;Ga,GeOg(III) join in
the phase diagram (Fig. 1) it then appears that
intergrowth of the two end-members promotes the
transformation from the spinelloid B-phase into the
spinelloid {2-phase. The latter has been proposed as
the first step in a martensitic-type mechanism for the
high-pressure olivine - spinel transformation (Hyde

Fig. 8. The structure of the hypothetical spinelloid £2-phase projec-
ted on (100) (after Hyde er al., 1982). The relation to the
Mg,Ga,GeO,, structure (Fig. 4) is obvious: the only difference
lies in the thickness of the rock-salt layer alternating with B-
Ga,0, elements. [The larger olivine-related unit cell illustrates
the fact that the £2-phase structure corresponds to a cubic stack-
ing of (001) olivine layers (Hyde et al., 1982).]

et al., 1982) and, to our knowledge, Mg;Ga,GeO,, is
the first example of an oxide in which the {2-phase
is recognized as such. [2-phase blocks also occur in
the Fe,Si0,, (iscorite) structure but are, in this case,
intergrown with two rock-salt (FeO) blocks of
different sizes, leading to a monoclinic unit cell.]

(b)

Fig. 9. (a) The B-Ga,0; structure projected along z,, = z,. (The
subscripts m and o refer to the true monoclinic and equivalent
orthorhombic unit cells respectively - ¢f. Fig. 9b.) Large and
medium circles are Ga atoms in tetrahedral and octahedral
coordination respectively. Small circles are O atoms. Heights
are given in units of ¢/100. Compare with Figs. 4 and 8. (b) The
B-Ga, 0, 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.
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The infinite rows of corner-sharing tetrahedra pres-
ent in the Mg;Ga,GeO,, and {2-phase structures are
also found in the B-Ga,0; structure, parallel to the
b direction (Fig. 9a).* In Mg,Ga,GeO,, the 8-Ga,0,
blocks (denoted G in Figs. 3 and 4) have the
stoichiometry MgGa,GeOg4="'(MgGa)" (GaGe)Oq
and alternate in the y direction with rock-salt blocks
(denoted B for B1) with the stoichiometry MggO.
Accordingly the Mg,Ga,GeO,, structure can be
described as an intergrowth of the 8-Ga,0, 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 2-phase can similarly be regarded as an inter-
growth of the B-Ga,0, and rock-salt structures, which
can be formulated as A,B,0;=2BO (rock salt) and
2ABO; (B-Ga,0,),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 Al,SiOs.
+ Note that the B-Ga,0; structure is (crystallographically) quin-
quenary, with two cation sites, as well as three anion sites.

Fig. 10. The structure of a single (y-Fe,SiO,) spinel block projec-
ted on (100),. Large, medium and small circles are Si, Fe and
O atoms respectively. Atom heights (in units of a,/100) refer to
the tetragonal spinel unit cell. Arrows indicate the crystallo-
graphic shear operation needed to transform the spinel structure
into the B-Ga,0; structure. Compare with Fig. 9(b).

blocks (c¢f. above), it follows that the spinel structure
itself can also be described as an intergrowth of the
rock-salt and B-Ga,0, structure types. This is illus-
trated in Fig. 10 showing the [100], =[110]. projec-
tion of a single spinel block: once again, rock-salt
(B) and B-Ga,0; (G) elements alternate in the z
direction, and the relation to the B-Ga,0; structure
(Fig. 9b) is obvious. Consequently the spinel struc-
ture, as a whole, consists of alternating columns of
MgO and B-Ga,0; types (or columns of MgO in a
B-Ga,0; matrix) (¢f 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-Al,O;, MgO-Al,0; and MgO-Ga,0;.
In all cases the solubility of Al,O; (Ga,0;) in spinel
is enormous, e.g. up to ~84% Al,0,/16% MgAl,O,
at 2193 K. Recalling that one modification of alumina,
0-Al,0;, has the B-Ga,0; structure, it appears that
the solubility is simply due to an increase in the ratio
of B-Ga,0;/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 B-Ga,0; and rock-salt compounds at high
B-Ga,0,/ MO ratios. (Note, however, that the pres-
ent Mg,Ga,GeO,, structure corresponds to a low
B-Ga,0,/ MO ratio.)
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