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The tetrahedron in WYb12033 is very nearly regular 
with four W-O bonds 1-70 +_ 0.07 A, while in WsNb16055 
there are two W-O bonds 1-76 A as well as two of 
1.85 _+ 0.07 A. They may be compared with values of 
1.79 A in CaWO4 (Kay, Frazer & Almodovar, 1964) 
and 1-74 and 1.78 A in Euz(WO4)3 (Templeton & Zal- 
kin, 1963) where the isolated tungsten-oxygen tetra- 
hedra are joined only through the Ca or Eu ions. 

There is no evidence that either compound forms 
a defect structure with excess oxygen or with vacated 
metal positions, and any range of composition despite 
the evidence for WNb12033 in part I, can be expected 
to be extremely small. 
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The unit-cell dimensions of W3Nb14044 are a = 21.02, c = 3"824/~, space group I4/m or I~[. The structure 
consists of ReO3-type blocks of octahedra four wide, four long, and infinite along the fourfold axis, 
joined by sharing edges and with tetrahedral W atoms at the junctions of every four blocks .WsNb18069, 
with the dimensions a=26.25, c= 3.813/~, most probable space group I~I, has an identical structure 
except that the blocks are five octahedra in width and length. W and Nb are randomized in the octa- 
hedral positions of both phases. The structures were deduced by trial-and-error and refined by two- 
dimensional Fourier methods. 

Introduction 

The crystal structure analyses of the two tetragonal 
compounds W3~b14044 and W8Nb18069 posed pro- 
blems of a special kind. In the first place the crystals 
were extremely small and fragile, and consequently 
difficult to handle. Since the specimens provided pow- 
der diffraction patterns of good quality, we had hoped 
to use intensities from the diffractometer to confirm 
the proposed structures, even although the asymmetric 
unit of each one contained a considerable number of 
atoms. The powder data, however, could not be used 
analytically, as the ideal structures of both compounds, 
although readily proposed, belonged to a symmetry 
group where overlapping reflexions of the same class 
were not equivalent. 'One shot' attempts to move the 
atoms to their real positions showed a general agree- 

* Permanent address: National Bureau of Standards, Wash- 
ington D.C., U.S.A. 

ment between observed and calculated intensities, but 
were not good enough to resolve all of the ambiguities 
outlined in the introduction to part II of the present 
series of papers (Ruth & Wadsley, 1965). 

In the second place the crystals, when eventually 
mounted, were so small and the sub-cell development 
so marked, that the number of reflexions in both cases 
was extremely small. The structure analyses, using the 
methods outlined in the preceding paper, are therefore 
not particularly accurate. 

The structure of W3Nb14044 

A minute needle 0.05 mm long and less than two mi- 
crons in cross-section was picked from a specimen that 
had been heated to 1425 °C for four hours in a sealed 
platinum capsule and then quenched. The unit-cell 
dimensions are given in Table 1 with the remainder of 
the crystallographic constants. The systematically mis- 
sing reflexions were characteristic of a body-centred 
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unit cell and the absence of mirror planes, with the 
possible exception of one perpendicular to the fourfold 
axis, reduced the eight possible space groups to three, 
I4, 1;t and I4/m. Only 49 independent hkO and 42 hkl 
reflexions were recorded on prolonged multiple film 
exposures by the integrating Weissenberg technique 
with filtered copper radiation. 

The orthogonal sub-cell of side 3.8 A was inclined 
at angles of 29 ° and 119 ° to the a axis, and the few 
superlattice reflexions were difficult to index, except 
by plotting the Weissenberg data on to polar coordin- 
ates. Even then some ambiguities remained, which sub- 
sequently required reappraisal as the analysis pro- 
ceeded. 

The ideal model, which was constructed readily 
enough, contained octahedra joined by corners as in 
the ReO3-type structure, and forming blocks 4 x 4 ex- 
tending infinitely along the fourfold axis, with tetra- 
hedral atoms at the junctions of adjacent blocks. This 
arrangement related the structure directly to that of 
tetragonal PNb9025 where the blocks were smaller, 
3 x 3 x oo (Roth, Wadsley & Andersson, 1965). The 
initial assumption that tungsten was present in the 
tetrahedral positions, with the remaining tungsten and 
all the niobium atoms statistically distributed over the 
octahedral sites, was subsequently confirmed. But the 
Fo Fourier projections on to (001) assuming the two- 
dimensional space group p4, raised considerable doubts. 
Although the octahedral metals and even some of the 
oxygen atoms were well-defined and of good shape, 
the tetrahedral tungsten had the appearance of a four- 
bladed airscrew, and the peak height at the 'hub'  was 
not nearly large enough. 

It was demonstrated elsewhere (Gatehouse & Wads- 
ley, 1964) that the junction of four ReO3-type blocks 
of the present kind consisted of four empty octahedral 
positions with the tetrahedron at the centre. It could 
be argued, therefore, that the irregular shape of this 
tungsten atom was due to its displacement towards 
one of these eightfold octahedral positions, the tetra- 
gonal symmetry of the phase being retained only be- 
cause the movements in the four directions were all 
equally probable. This was disproved by subtracting 
the metals in several partial difference syntheses based 
upon the alternative models. The only projection giving 
oxygen atoms of good shape and with an acceptable 
background (Fig. 1) was based upon the original as- 

Table 1. Crystallographic data for W3Nb14044 
and WsNb18069 

Symmetry: tetragonal 
W3Nb14044 WsNb18069 

Unit-cell dimensions I" a 21.02 A 26.25 A 
c 3.824 A. 3.813 A, 

Systematically absent reflexions hkl with h + k + l¢ 2n 
Possible space groups: I4 (No. 79), Ig (No. 82), I4/rn (No. 87) 

Dm 4"9+0"1 g.cm-3 5.2+0.1 g.cm-3 
Dx 5-03 g.cm-3 5.37 g.cm-3 
Z 2 2 
/~ 594 cm -1 659 cm-1 

Table 2. Fractional atomic parameters for W3Nb14044 

Space group I2~ 

Point 
Atom position x y z 
W 2(c) 0 ½ ¼ 

*B(1) 8(g) 0.0355 0.1237 0 
B(2) 8(g) 0.1954 0.2132 0 
B(3) 8(g) 0.2489 0.0552 0 
B(4) 8(g) 0.3932 0.1270 ½ 
O(1) 8(g) 0.0355 0.1237 ½ 
0(2) 8(g) 0.0870 0.0441 0 
0(3) 8(g) 0-1164 0.1800 0 
0(4) 8(g) 0.2149 0.0077 0 
0(5) 8(g) 0.2194 0-2357 ½ 
0(6) 8(g) 0.2518 0.1417 0 
0(7) 8(g) 0.3130 0.0789 ½ 
0(8) 8(g) 0.3393 0.1959 ½ 
0(9) 8(g) 0.3748 0.1070 0 
O(10) 8(g) 0.4412 0.0383 ½ 
O(11) 8(g) 0.4783 0.1564 ½ 

*B represents a 'hybrid'  metal a tom -~(W + 7Nb). 
Average standard deviations for the metals c r (x )=a(y)=  

0.0007; for oxygen a(x) = a(y) = 0.0060. 

Table 3. Observed and calculated structure factors for 
W3Nb14044 (x  10 -1) 

Observed data only. 

1ooo 
12 
11 1 0 
13 1 
25 1 ,~,~o 
N 2 0  
5 3 O  

1 7 3 0  
4 4 O  
6 4 O  
8 4 O  
3 5 O  
? 5 0  

,2,0 
10 6 0  
2 2 6 o  

3 ? o 
? ? o 
9 ? o 
2 8 o  
8 8 o  

1 4 8 0  
1 9 0 
5 9 O  
7 9 0  1~ '° ~ ° o 
810  0 
711 0 

,~ 1, o 
12 

1 2 1 2  0 
513 o 
11 13 o 
414  0 
515 0 

1715 0 
14 16 

1616  0 
917  0 
119 0 
2 2 o 0  

1420 0 
6 2 2 0  
723  0 
0 1 1 

12 1 1 

11 2 1 
4 3 1  
6 3 1  
1831 
1 7 4 1  
1 0 5 1  
2 0 5 1  

U~,t 

56 
39 
22 
50 
24 
22 
32 
49 
89 
19 
50 
19 
38 
57 
89 
45 
30 
54 
40 
19 
45 
4O 
24 
33 
17 
34 
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Table 4. lnteratomic distances f o r  W3Nb14044 

Distances in A O-O distances in A 
-,~ • ^ • • 

Metal Bonded oxygen atoms* (Same order as in column 2) Average Max. Min. Average 
B(1) 1(2); 2, 2', 4", 3 1.91(2); 1.99, 1.84, 2.12, 2.07 1.97 2.92 2.66 2.79 
B(2) 5(2); 5', 6, 3, 8' 2-04(2); 2.09, 1.91, 1.80, 2.04 1.99 3-12 2.38 2-75 
B(3) 7(2); 4, 6, 9, 11' 2.06(2); 1-78, 1-95, 2.18, 2.03 2.01 3.19 2.39 2-81 
B(4) 9(2); 7, 8, 11, 10 2-00(2); 1.97, 1.84, 1.89, 2.12 1.97 3.08 2-39 2-75 

* Given by numbers (Table 2, Fig. 3). The first, followed by (2), are the two oxygen atoms lying over and under the metal. 
E.s.d's of metal-oxygen distances are +0.14/~; for oxygen-oxygen 0.18/~. 

sumptions, and the one distorted peak in the F0 pro- 
jection was evidently a consequence of  the limited 
number  of  observed data. This is discussed below. 

After  two Fo-Fc syntheses the R index for the hkO 
reflexions dropped to 9"4Yo and further refinement was 
not  considered. Two sets of  hk l  structure factors were 
then computed.  The octahedral  atoms in both were 
placed in the special planes at z =  0 or ½ given by the 
ideal model. In the first set the two tetrahedral  W 
atoms were distributed over the 4(d) positions of  the 
space group I 4 /m  (0 x , ~-), R being 12 .5~.  In the second 
these atoms were ordered in the 2(c) positions of  the 
polar  space group 174, (0 ¼ ½), for which R was 12 .6~ .  
Evidently the data  are not sensitive enough to dist- 
inguish between the two possibilities. The parameters  
in Table 2 and the comparison between Fo and Fc 
which include an overall isotropic B of 0.3 A -2 are 
given for 174 (Table 3) while the bond lengths (Table 4) 
are the same for both space groups. 

The structure of WsNb18069 

The crystal, a small needle 0.03 mm long and about  2 
microns thick, was selected f rom a specimen of the 
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Fig. 1. Fo--FmetaÀ electron-density projection on to (001) for 

W3Nb14044; zero contours drawn as broken lines. The 
oxygen atoms, with the positions from which metals were 
extracted indicated by crosses. 

b/4 
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0 a12 
Fig. 2. Fo-Fmetal electron-density projection on to (001) for 

WsNb18069, showing the oxygen atoms; zero contours 
drawn as broken lines. The positions from which metals 
were extracted are indicated by crosses. 

composit ion 9Nb2Os:8WO3 quenched from 1350 °C 
after heating for 18 hours in a sealed plat inum tube. 
The crystallographic data  are given in Table 1. The 
diffraction symmetry was identical with that  of  
W3Nb14044 , and the space groups were therefore lim- 
ited once more to 14, 174 or I4 /m.  

Only 47 independent hkO reflexions were recorded 
on integrated Weissenberg films exposed with filtered 
copper radiation. Since there were 26 a toms in the 
asymmetric  unit of  the ideal structure, only three being 
in special positions, it was necessary to increase the 
number  of  data.  The crystal was exposed again for 
two weeks, this time without integration, and an ad- 
ditional 27 weak hkO reflexions were recorded. The 
two sets were then placed on the same scale. 

The sub-cell was inclined at angles of  32 ° and 122 ° 
to the positive direction of  the a axis. Since the body- 
centred tetragonal phases PNbgO25 and WaNb14044 
contained blocks 3 x 3 x oo and 4 x 4 × oo respectively, 
the most  logical ideal structure for WsNb]8069 would 

Table 5. Fractional atomic parameters f o r  WsNblsO69 
Space group 174 

Point 
Atom position x y z 
W 2(c) 0 12 ¼ 

*B(1) 2(a) 0 0 0 
B(2) 8(o,,) 0"0448 0"2015 0 
B(3) 8(g) 0.1230 0.0780 0 
B(4) 8(g) 0.2474 0.1566 0 
B(5) 8(g) 0.3259 0-0338 0 
B(6) 8(g) 0.3308 0"2194 ½ 
B(7) 8(g) 0.4092 0.0950 ½ 
0(1) 2(b) 0 0 ½ 
0(2) 8(g) 0-045 0.201 ½ 
0(3) 8(g) 0.064 0-045 0 
0(4) 8(g) 0.081 0.144 0 
0(5) 8(g) O-123 0.078 ½ 
0(6) 8(g) 0.162 0.020 0 
0(7) 8(g) 0'189 0'125 0 
0(8) 8(g) 0.221 0.220 0 
0(9) 8(g) 0-260 0.172 ½ 
O(10) 8(g) 0"270 0"002 0 
O(11) 8(g) 0"294 0"099 0 
O(12) 8(g) 0"319 0-205 0 
O(13) 8(g) 0-343 0"045 ½ 
0(14) 8(g) 0"373 0-149 ½ 
O(15) 8(g) 0.389 0-251 ½ 
O(16) 8(g) 0.398 0.077 0 
0(17) 8(g) 0-448 0-023 ½ 
0(18) 8(g) 0.473 0-125 ½ 

*B represents a 'hybrid' metal atom ~-~(7W + 18Nb). 
Average standard deviations for the metals tr(x)=a(y)= 

0"0004; for oxygen a(x) = a(y) = 0"0040. 
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Table  6. Interatomic distances for WsNblsO69 

Distances (A) O-O distances in A 
^ , , ^ , 

Metal Bonded oxygen atoms* (same order as column 2) Average Max. Min. Average 
B(1) 1(2); 3(4) 1.91(2); 2.05(4) 2-00 2-90 2.80 2.83 
B(2) 2(2); 10', 15', 4, 6' 1.91(2); 2.18, 2.14, 1.78, 1.99 1.99 3.02 2.60 2.81 
B(3) 5(2); 4, 7, 6, 3 1.91(2); 2.05, 2.13, 1-83, 1.77 1.93 2-86 2.60 2.74 
B(4) 9(2); 8, 12, 11, 7 1.98(2); 1.80, 2.27, 1.94, 1-74 1.95 2.94 2.50 2.73 
B(5) 13(2); 11, 16, 18', 10 1.98(2); 1.91, 2.21, 2.05, 1.69 1.97 2.86 2.53 2-75 
B(6) 12(2); 8', 15, 14, 9 1.97(2); 2.09, 1.74, 2.15, 2.24 2.03 3.03 2.50 2.81 
B(7) 16(2); 14, 18, 17, 13 1"99(2); 1"71, 1"85, 2-15, 2"18 1-98 3-02 2-53 2.78 

* Given by number (Table 5, Fig. 4). The first, followed by (2), are the two oxygen atoms over and under the metal. E.s.d's 
of metal-oxygen distances are _+ 0.11/~; for oxygen-oxygen 0-15 A. 

conta in  5 x 5 x oo blocks,  packed  in exactly the same 
way  as the o ther  two.  This gave the correct  f o rmu la  
and  or ienta t ion .  Rap id  ref inement  was achieved  by 
electron densi ty  project ions  on to (001) af ter  shift ing 
the a toms  f rom their  ideal posi t ions to give realistic 
dis tances between the metals  (Ro th  & Wadsley ,  1965), 
and  placing W at  the t e t rahedra l  sites, with the re- 
ma in ing  W and  the N b  disordered in the oc tahedra l  
posi t ions.  The  te t rahedra l ly  coord ina ted  a tom was 
aga in  very dis tor ted ,  bu t  the Fo-Fmet~l project ion (Fig. 
2) conf i rmed tha t  this  had  no mean ing  in terms of  

Table  7. Observed and calculated structure factors for 
W8NblsO69 ( x  10 -1) 

Unobserved data omitted 

o 1oo ° 
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~5 
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17 
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13 

1o o 
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,1 
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1 12 00 
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15 

15 15 g 
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2 16 
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15 
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52 
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28 

52 
36 
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51 
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33 
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25 
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56 4o ~ 
32 8 
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Fig. 3. Drawing of atom positions in W3Nb14044; small 
circles metals, larger circles oxygen. The tetrahedral W 
atoms are shaded. 
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Fig. 4. Drawing of atom positions in W8Nb18069; small 
circles metals, larger circles oxygen. The tetrahedral W 
atoms are shaded. 
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physical displacements towards the neighb0uring un- 
occupied octahedral positions. After two Fo-Fc syn- 
theses R for the hkO reflexions was 10.6Yo. The am- 
biguities of space group noted for W3Nb14044 apply 
equally to the present case for the same reasons. For 
the 104 observed hkl data, R for I7~ was 16.0% and 
for I4/m 17"8Yo. Parameters are listed in Table 5, 
bond lengths in Table 6, and Fo and Fe in Table 7 
where the value for B (isotropic) is 0.3 A_ -2. 

Discussion 

The structures of the tetragonal phases are illustrated 
by Figs. 3 and 4. In projection, the octahedral metal 
atoms appearing at both levels form rows exactly 
parallel and at right angles to each other. These or- 
thogonal groups, constituting the bulk of the scatter- 
ing matter in both structures, are primarily responsible 
for the crystallographic sub-cell and contribute little 
or nothing to the remainder of the reflexions, most of 
which are below the observable limit. The tetrahedral 
tungsten atoms, on the other hand, are not collinear 
and interrupt each row at finite intervals; being in the 
special positions (0 ½ ¼) they contribute equally to all 
hkO reflexions. Projections of electron density based 

upon the observed data, therefore contain only a small 
fraction of them, and it is not surprising that the octa- 
hedral metals appeared as well shaped peaks, while the 
tetrahedral atoms, for which so much necessary in- 
formation was missing, did not. 

It is difficult to discuss variations of interatomic 
distance with any assurance as the standard deviations 
are so large. The tetrahedral dimensions are almost the 
same for both compounds, 1.76 _+ 0.12 A_ for the W-O 
distances and 106.0 ° and 113.3 ° for the O-W-O angles 
in W3Nb14044, and 1.77 _+ 0.14 A together with 106.7 ° 
and 115.3 ° for WaNb18069. These can be compared 
with the W-O distances of 1.70 + 0.07 A for WNb12033 
and 1.76 and 1.85 _+ 0.07 A for WsNb16055. The octa- 
hedra at the centres of the blocks, B(1) for W3Nb14044 
and B(2) and B(3) for WaNblsO69 appear to be no more 
regular than the others (Tables 4 and 6), but this may 
simply be a consequence of the large uncertainties. In 
all other respects the dimensions appear to be normal. 

References 
GATEHOUSE, B. M. & WADSLEY, A. D. (1964). Acta Cryst. 

17, 1545. 
ROTH, R. S. & WADSLEY, A. D. (1965). Acta Cryst. 19, 32. 
ROTH, R. S., WADSLEY, A. D. & ANDERSSON, S. (1965). Acta 

Cryst. 18, 643. 

Acta Cryst. (1965). 19, 42 

Multiple Phase Formation in the Binary System NbzOs-WOa. 
IV. The Block Principle 

BY R. S. ROTH* AND A. D. WADSLEY 

Division of  Mineral Chemistry, C.S.LR.O., Melbourne, Australia 

(Received 26 October 1964) 

The four new phases found in the Nb2Os-WO3 system each contain octahedral blocks of a specific 
size, joined in a manner which leaves tetrahedral positions for some of the metal atoms. The many 
ways in which logical structures containing blocks of octahedra can be devised are briefly discussed. 
These can all be summarized by a general formula containing several independent variables, representing 
the size of block and its mode of packing. 

The niobium-tungsten mixed oxide phases 

At the outset of this study (Roth & Wadsley, 1965b) 
an attempt was made to predict the compositions of 
previously unsuspected mixed-oxide phases of niobium 
and tungsten. These predictions were based upon cer- 
tain relationships between a number of other niobates, 
from which it was supposed that structurally related 
homologues might exist in the NbzOs-WO3 compos- 

* Permanent address: National Bureau of Standards, 
Washington D.C., U.SA. 

ition region. Although one and possibly two of these 
new phases were found, namely WNb12033 and 
WNb3007s, there were three which did not fit exactly 
into this preconceived pattern. Their structures were 
nevertheless related in a logical way, and they are now 
discussed in this paper. 

Each metal atom in the cubic ReO3-type structure is 
in octahedral coordination with oxygen, and every 
oxygen atom is common to two metals. The three- 
dimensional structure, therefore, contains octahedra 
all sharing corners, and is conveniently pictured as a 
chessboard pattern of squares each representing an 


