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Structural Investigation of a New Iron Germanate Fe8Ge3018 
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The complete structure of FesGejOu (monoclinic, space group P2,/c, Z = 2) has been determined from 
X-ray diffraction data on single crystals grown by chemical vapor transport. Oxygen atoms form an 
array of six close-packed layers ABACBC. Iron ions are located in octahedral sites, whereas the six 
germanium ions of the unit-cell are distributed on four tetrahedral and two octahedral positions. 
6 1986 Academic Press. Inc. 

Introduction 

New compounds have been previously 
reported by one of us in the Fe20j-Ge02 
system (1). Fe;?GeOS is isomorphous with 
kyanite and is stable in a limited range of 
temperature (950-1050°C). Another phase 
with a larger amount of Fez03 is stable from 
room temperature to 1150°C but its struc- 
ture and precise composition .were still un- 
known. In addition, a metastable phase 
Fe4GeOs can be prepared as an intermedi- 
ate product from dehydration of coprecita- 
tes. Its powder diagram has been indexed 
with an hexagonal unit-cell with parameters 
similar to that of the molybdenum com- 
pounds M2M030s (M = Fe, Ni, Co, Zn, Cd) 
(2). 

Recently, single crystals obtained from 
chemical vapor transport confirmed the ex- 
istence of the two stable phases FezGeOS 
and FesGe301s (3). For this last compound, 
the definite composition 4Fe203 . 3Ge02 
has been established by electron micro- 
probe and neutron activation analyses. Its 
crystal symmetry is monoclinic with the fol- 

lowing unit-cell parameters a = 8.754(2) A, 
b = 5.110(l) A, c = 14.280(3) A, p = 
101.80(2)“. 

The present paper reports the structural 
features of FesGejOts obtained from single 
crystal data. 

Experimental 

Most of the crystals grown by CVT are 
twinned and form pseudohexagonal plate- 
lets. Fortunately, some rod-like small crys- 
tals are untwinned and suitable for struc- 
tural studies. All experimental details on 
the crystal selected for intensities measure- 
ments are gathered in Table I. 

Approximate atomic coordinates of cat- 
ions have been determined from a Patter- 
son map. Refinements were then performed 
to determine the site occupancy and atomic 
positions. The relative poshions of the oxy- 
gen atoms were determined as follows. 

When considering the theoretical density 
of the kyanite-type FezGeOS compound 
(D, = 5.05 g/cm3) and that of FesGe301e (D, 
= 5.03 g/cm3) it can be assumed that this 
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TABLE I 

CRYSTALLOGRAPHIC DATA AND STRUCTURE 
REFINEMENT PARAMETERS 

Crystal size 
Lattice constants 

Density 

Data collection 

Data corrections 

Resolution of the 
strllcture 

Needle-like crystal (50 x 50 x 200 pm) 
Monoclinic symmetry 
space group P2,/c z=2 

a = 8.754 (2) A 
b = 5.110(l) A /3 = 101.80(2) 
c = 14.280 (3) A 

D, = 5.0 -t 0.1 g/cm3 
D, = 5.03 g/cm’ 
C.A.D. 3 Enraf-Nonius diffractometer with 

graphite monochromator 
AMoKol = 0.7109 A 
8128 scan 3 i e < 35" 
sin B/A, = 0.81 

-1OShSlO 
Ozsk~8 
011s20 

1900 measured reflections of which 594 
unobserved with I < 3u(1) 

Lorentz and polarization effects. 
Absorption corrections based on the crystal 

morphology: pMoKa = 168 cm-’ 
Patterson and Fourier syntheses 
Atomic scattering factors from Cramer and 

Waber (Int. Tables for Crystallography, 
1974, Vol. IV) 

Refinement: adaptation of ORXFLS routine 
from Busing, Martin, and Levy (1973) 

@cement factor R R = 0.039 (with 1306 reflections) 

compound also consists of a close-packed 
oxygen network, as the kyanite does. 

From the assumption of an ideal anionic 
lattice having the same volume as 
FesGe301s, it is possible to derive a corre- 
spondence between the experimental unit- 
cell and a theoretical one made of six 
packed layers of oxygen atoms (interatomic 
distances d = 2.9 A). This correspondence 
is given in Table II and involves 36 oxygen 
atoms which determine 36 octahedral and 
72 tetrahedral sites where the 22 cations are 
to be distributed. 

The conditions limiting the observed re- 
flections lead to a unique group P2Jc: 

hkl no conditions 
hQ1 1 = 2n 
Ok0 k = 2n 

This group contains a general set of Wyck- 
off positions (4e) and four different special 
positions on inversion centers. Therefore, 

among the 22 cations, at least two will be 
necessarily set on a special position with 
fixed coordinates. We have then arbitrarily 
set a cation on the unit-cell origin (2a posi- 
tion) because the four special positions are 
equivalent after translation. This deter- 
mines the relative position of the oxygen 
sublattice with regard to this fixed cation. 

From the Patterson map, a model has 
been drawn for the distribution of cations 
on five different general positions (5 x 4 
atoms) and on one 2a position (2 atoms). All 
correspond to octahedral environments ex- 
cept one (4e) set of tetrahedral sites. 

A perfectly ordered structure would be 
obtained by setting the six germanium at- 
oms in the (4e) group of tetrahedral sites 
plus two in (2a) octahedral ones, and the 
sharp decrease of the value of the R agree- 
ment factor in the first steps of refinement 
indicated that this model was nearly cor- 
rect. Nevertheless, a fully satisfactory 
agreement between observed and calcu- 
lated intensities could not be obtained. The 
R factors remained too high (8-10%) in fol- 
lowing steps and the thermal factors were 
especially bad for two sets of atoms. B val- 
ues were too high for the 2a Ott (1) position 
and too low for the 4e Ott (2). This sug- 
gested that the 2a position is at least partly 
occupied by lighter atoms (iron), whereas 
some germanium atoms are to be found on 
Ott (2) sites. It appeared that the assign- 
ment of germanium atoms to the 4e tetrahe- 
dral positions was correct. Therefore, the 

TABLE II 

COMPARISON WITH AN IDEAL UNIT-CELL BUILT 
FROM THE STACKING OF SIX DENSE PLANES WITH 

OXYGEN-OXYGEN SPACING 2.9 8, 

Ideal unit-cell Actual unit-ceil 

a = 3d+ a = 8.10~% a = 8.154 A 
b = dlh-+ b = 5.03 w b = 5.110 di 
c = 5d+ c = 14.50A c = 14.280 A 

P= cos-’ J- --a p = 101.8 
c 1 2x6 

p = 101.8” 
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TABLE III 

FINAL POSITIONAL PARAMETERS OF Fe8Ge3018 

B 
X Y Z (tv, 

Ott(l)-Fe (1) 0 0 0 0.41(2) 
Ott(Z)--M (2) (2.7 Fe + 1.3 Ge) 0.5388(l) 0.1878(2) 0.1801(l) 0.32( 1) 
Ott(3)--M (3) (3.3 Fe + 0.7 Ge) 0.9134(2) 0.1841(3) 0.1824(l) 0.33(2) 

Ott(4)-Fe (4) 0.3370(2) -0.0614(3) 0.0024(l) 0.31(l) 
Ott(S)-Fe (5) 0.2793(2) 0.1678(3) 0.3393(l) 0.32(2) 
Tetr. -Ge 0.7900(l) -0.0252(2) 0.3791(l) 0.33(l) 

0 (1) 0.1912(S) -0.2119(14) 0.0728(5) 0.54(5) 

0 (2) 0.3558(S) 0.2882(14) 0.0846(5) 0.53(6) 

0 (3) 0.0378(S) 0.2982(14) 0.0885(5) 0.52(S) 

0 (4) 0.5401(S) -0.1101(15) 0.0880(5) O&4(5) 

0 (5) 0.6931(9) 0.3280(14) 0.1007(5) 0.63(5) 

0 (6) 0.8484(S) -0.1006(15) 0.0842(6) 0.72(6) 

0 (7) 0.0843(S) 0.0214(14) 0.2637(5) O&4(5) 

0 (8) 0.2523(S) 0.5086(14) 0.2489(5) 0.53(5) 

0 (9) 0.4267(S) 0.0191(14) 0.2618(5) 0.72(6) 
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distribution of 16 iron and 2 germanium at- 
oms among the 18 available octahedra has 
been reconsidered. 

Occupancy factors were refined, assum- 
ing an initial statistical occupation and us- 
ing an average scattering factor (16 Fe + 2 
Ge)/18. It results in the following effective 
distribution of cations: 

-the positions Ott (l), Ott (4), Ott (5) 
are only occupied by Fe 

-0ct (2) and Ott (3) are shared by Fe 
and Ge. 

TABLE IV 

ANISOTROPIC TEMPERATURE FACTORS (x 104) 

8(1,1) /%2.2) H3.3) PU,Z) N,3) 1X2.3) 

Fe (1) 5 37 8 -1 2 -4 
M (2) 4 25 7 -1 2 0 
M (3) 4 25 7 0 I -1 
Fe (4) 3 31 7 -2 1 2 
Fe (5) 5 27 8 -1 2 0 
CC 6 28 7 I 1 0 
0 (1) 17 25 8 3 2 9 
0 (2) 11 44 10 7 3 -2 
0 (3) 17 32 9 -10 I -5 
0 (4) 4 104 7 -2 1 5 
0 (5) 20 35 11 5 3 3 
0 (6) 0 108 12 1 2 3 
0 (7) 14 52 10 -4 2 4 
0 (8) 11 49 8 0 2 -2 
0 (9) 20 63 9 5 3 -2 

With this cation distribution, satisfactory 
values of R and B factors were obtained 
with a few more steps of refinement. The 
final value of R is 0.039 for the atomic pa- 

TABLE V 

PRINCIPAL INTERATOMIC DISTANCES IN 
FegGelOls (IN A) 

Fe (1)-O Ge-0 
2 Fe (1) - 0 (3) : 1.964(7) Ge - 0 (3) : 1.737(7) 
2 Fe (1) - 0 (6) : 2.031(E) Ge - 0 (1) : 1.737(7) 
2 Fe (1) - 0 (1) : 2X%4(7) Ge - 0 (2) : 1.754(8) 

Ge - 0 (8) : 1.798(7) 
Mean value: Mean value: 

Fe(l) - 0 = 2.03 Ge - 0 = 1.76 

M (2) - 0 M (3) - 0 
(M (2) = 2.7 Fe + 1.3 Ge) (A4 (3) = 3.3 Fe t 0.7 Ge) 
M (2) - 0 (9) : 1.88qS) M (3) - 0 (7) : 1.88q7) 
M (2) - 0 (9’) : 1.882(7) M (3) - 0 (7’) : 1.889(7) 
M (2) - 0 (2) : 1948(6) M (3) - 0 (3) : 1.98q8) 
A4 (2) - 0 (4) : 2.013(8) M (3) - 0 (6) : 2.02q8) 
M (2) - 0 (5) : 2.061(8) M (3) - 0 (8) : 2.llW8) 
M(2)-0(8):2.llq7) M (3) - 0 (5) : 2.168(7) 

Mean value: Mean Value 
M(2) - 0 = 1.98 M(3) - 0 = 2.00 

Fe (4) - 0 Fe (5) - 0 
Fe (4) - 0 (1) : 1.938(a) Fe (5) - 0 (5) : 1.93q7) 
Fe (4) - 0 (4) : 1.95717) Fe (5) - 0 (7) : 1.971(7) 
Fe (4) - 0 (5) : 1.984(7) Fe (5) - 0 (9) : 2.013(8) 
Fe (4) - 0 (6) : 2.007(7) Fe (5) - 0 (4) : 2.048(7) 
Fe (4) - 0 (4’) : 2.040(S) Fe (5) - 0 (6) : 2.084(9) 
Fe (4) - 0 (2) : 2.125(7) Fe (5) - 0 (8) : 2.152(7) 

Mean value: Mean due: 
Fe(4) - 0 = 2.01 Fe(J) - 0 = 2.03 
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FIG. 1. Projection along [OlO] of the FesGe3018 struc- 
ture. Tetrahedral Ge04 groups are indicated. 

rameters and thermal factors given in Ta- 
bles III and IV. 

a 

Description of the FesGesOls Structure 

A projection of FesGe301s on the plane 
(010) is shown on Fig. 1. Main interatomic 
distances are gathered in Table V. 

GeO, tetrahedra are isolated and rather 
regular with an average Ge-0 distance of 
1.76 A which fits well with the values usu- 
ally found in tetrahedral GeOs groups. The 
0-Ge-0 angles are in the range 106% 
113.6” (average 109.4). In the octahedral 
sites Ott (l), Ott (4) and Ott (5) occupied 
with iron the values of Fe-O bond lengths 
are in the usual range of 2.01-2.03 A. As 
expected, slightly shorter distances are 
found in Ott (2) and Ott (3) sites statisti- 
cally occupied by Fe and Ge. These values 
are consistent with Ge-0 bond lengths in 
octahedral coordination which are about 
1.90 A (as, for instance, in Ge02 rutile). 

To our knowledge, the structure of 
Fe8Ge30i8 is a new structural type in which 
octahedra and tetrahedra build up a three- 

b 
FIG. 2. Idealized projection of the structures of Fe4GeOs (M2Mo,0s-type) (a) and FesGe301s (b). The 

asymmetric unit of Fe4Ge08 consisting of four octahedra and one tetrahedron is underlined. In 
Fe8Ge3018, two similar groups are linked by one octahedron (dashed lines). 
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dimensional skeleton. Such a structure may 
be related to that of hexagonal MzMo308 
compounds which is also that of the meta- 
stable phases FedGeOs and GaGeOg found 
by Perez y Jorba (I). 

In the hexagonal M2M0308 structure 
(P63mc, Z = 2) the oxygen atoms form a 
double hexagonal network ABCB. The mo- 
lybdenum atoms are in octahedral sites, the 
divalent atoms are shared between octahe- 
dra and tetrahedra (4). According to Ra- 
veau er al. (57), this may be described as a 
stacking of blocks built up with four octahe- 
dra (3 MO + 1 M) and one tetrahedron. If 
we compare the projection of this structure 
(half unit-cell) on (100) and that of 
Fe8Ge30i8 on (010) (Fig. 2), one can see that 
the last one contains the same kind of 
blocks (4 Ott + 1 Tet) with a supplementary 
octahedron every second block. The corre- 
sponding stacking of oxygen dense planes 
is thus ABACBC. The main difference be- 
tween FeJGeOs and Fe8Ge301s lies in the 
arrangement of the Ge04 tetrahedra: 

-In the M2M0308 structure, they are all 
oriented in the same direction along ? lead- 
ing to polar materials exhibiting pyroelec- 
tric and ferroelectric properties (8, 9). 

--In FegGe301g on the contrary, the addi- 

tional octahedron (giving an octahedra/tet- 
rahedra ratio of 9/2) is located on an inver- 
sion center and two blocks Fe4GeOs are 
symmetrically set apart from it. 

Studies on magnetic behavior are now 
on way on these iron(II1) germanates. 
Fe~Ge~Oi~ exhibits a para --f antiferro- 
magnetic transition at 230 K. Results on 
magnetic and Mossbauer properties will be 
published subsequently. 
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