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With the use of high-resolution electron microscopy, defects have been observed in crystals of Nb22054" 
two types of point defects and extended Wadsley-type defects having a structure corresponding to Nb12029. 
For one type of point defect a model is proposed which contains two displaced metal atoms and two 
interstitial oxygen atoms within a 'block'. For the other, one metal atom and three oxygen atoms are con- 
sidered to be missing from a tetrahedral site. Contributions made by the three types of defects to the 
non-stoichiometry of the crystals are discussed. 

Introduction 

It has been hitherto found that five compounds, namely 
Nb12029, Nb22054, Nb47Ol16, Nb25062 and Nb530132, 
exist in a composition range between NbO2 and Nb205 
(Norin, 1963, 1965;Gruehn & Norin, 1967, 1969; Roth 
& Wadsley, 1965). All compounds appearing in this 
composition range, except for NbO2, are closely re- 
lated and based on the ReO3 structure, having double 
'crystallographic shear planes' as essential constituents 
of their crystal structures (Wadsley & Andersson, 
1970). These compounds are called 'homologous series 
compounds' or block structures, for they are known 
to belong to series represented by the general for- 
mulas, ManOsn_ 3 and M3n+lOsn_ 2. 

The conditions for stable existence of Magn61i-phase 
oxides in the system NbO2-Nb205 at 1300°C were 
studied by Sch~fer, Bergner & Gruehn (1969) by using 
a H20/H2 gas mixture and those at 1300 °C and 1400 °C 
by Kimura (1973) by using a CO2/H2 gas mixture. These 
experimental results show that the Magn61i-phase ox- 
ides, except for Nb12029, have real compositions which 
deviate toward the oxygen deficient side, as shown in 
Fig. 1. 

Allpress (1969, 1970) studied defect structures of a 
series of compounds in the system TiO2-Nb205 by 
electron microscopy and suggested that the deviations 
from the crystallographically expected values may be 
attributed to Wadsley intergrowth defects, or micro- 
domain intergrowths of neighbouring phases. After- 
wards, Allpress & Roth (1971) found that Wadsley 
defects tend to disappear from compounds in the sys- 
tem WOa-Nb205 during prolonged annealing. They 
concluded that Wadsley defects could not sufficiently 
explain the discrepancy in the observed compositions 
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from an ideal structure in this system and that there 
could be some anion vacancies or metal interstitials 
contributing to oxygen deficiency of these compounds. 
Furthermore, Kimura (1973) proposed, after a thermo- 
dynamic calculation, that Wadsley defects may not be 
a predominant factor of nonstoichiometry of Nb22054 
and Nb25062. Nimmo & Anderson (1972) found that 
no Wadsley defects were observable in the Nb205 phase 
at compositions down to at least NBO2.495. They sus- 
pected that the occurrence of point defects, probably 
oxygen vacancies, in 'block' structures is favoured. One 
of the interests in studying Nb binary or ternary oxides 
systems is to determine whether Wadsley defects are 
the means of accommodating the deviation of a com- 
position from stoichiometry and if not, what other 
types of defects are associated with the nonstoichiom- 
etry. 

With careful use of high-resolution microscopy, ap- 
proximate crystal-structure determinations, observa- 
tions of both linear and planar defects occurring at the 
unit-cell level, and observation of point defects to some 
extent have been successfully carried out (Iijima & 
Allpress, 1974a, b). These achievements are based on 
the fact that two-dimensional lattice images taken un- 
der certain optimum conditions reflect the electrostatic 
potential distribution of crystals projected along the 
incident electron beam direction. 

Using this technique we have previously reported 
(Iijima, Kimura & Goto, 1973) that point defects were 
observable in oxygen-excess samples of Nb12029 in 
which tetrahedrally coordinated metal atoms are not 
present as essential constituents. After observing the 
annealing effect due to electron irradiation on these 
point defects, we proposed a model for the point de- 
fects. The density of the point defects was in agree- 
ment with that expected from the chemically analyzed 
composition of the samples. 

In the present study, we examined several samples of 
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"Nb22054 with slightly different compositions by high- 
resolution electron microscopy, in the hope that we 
could find evidence for features providing an inter- 
pretation of its narrow range of homogeneity ob- 
served in the phase diagram (see Fig. 1). As a result, 
two different types of point defects have been observed 
as well as Wadsley defects. Their contributions to the 
nonstoichiometry of NbzzOs4 will be discussed. 

Experimental 

The samples of Nb22054 with nonstoichiometric com- 
positions (black in color) were chosen from the collec- 
tions prepared for the study of the phase equilibrium 
of NbOz-Nb2Os system by Kimura (1973). Their meas- 
ured compositions were NbOx (x= 2.441, 2-444, 2-446, 
2.452 and 2.460). For the ideal composition, x = 2.454. 
They were obtained by oxidizing NbO2 or reducing 
Nb2Os at 1400°C for 15-70 h by using a CO2/H2 gas 
mixture. It has been known in the previous phase iden- 
tifications for these samples by X-ray analysis that the 
sample of NBO2.444 showed a minor amount of the 
Nb12029 and the NBO2.460 a trace of Nb47Oll 6. 

Samples were ground in an agate mortar and fine 
fragments from the samples were collected on holey- 
carbon supporting films. Very thin crystals were chosen 
and examined by an electron microscope at 100 kV, 
as described previously (Iijima, 1973). Both electron- 
microscope images and electron diffraction patterns 
were recorded from more than 20 fragments from each 
sample. To reduce the electron irradiation effect dur- 
ing the observation, the specimens were observed as 
quickly as possible at a minimum intensity of the 
electron beam. 

Results and interpretation 

The crystal structure of Nb22054 [Fig. 2(a)] has been 
known as the homologue having n = 7 in a series with 
the general formula Nb3,+lOs,,-2 and is closely re- 
lated to H-Nb2Os (n=9) (Gatehouse & Wadsley, 
1964). Each square represents an octahedron of a 
simple ReO3 structure. Two kinds of blocks, shown 
by dark and light squares, are centered about the two 
levels perpendicular to the b axis and are 1.9 A apart. 
At one level, the blocks have the dimensions 3 x 4, and 
are joined by octahedral edge-sharing, to form sep- 
arated, stepped rows. At the other level the blocks 
are 3 x 3, and are separated by Nb atoms in tetrahedral 
sites. The 3 x 3 and 3 x 4 blocks are joined by sharing 
their common edges which form crystallographic shear 
planes. A simple representation of the same structure 
is shown in Fig. 2(b), in which each block of octahedra 
is drawn as a rectangle. The unit cell (outlined in the 
models) has the dimensions a=21.2,  b=3.82, c=  15.6 
A, and fl = 124-5°. 

A two-dimensional lattice image of Nbz,Os4 viewed 
down the short b axis [Figs. 3(b), 10] shows a contrast 
distribution similar to the ac-plane projection of the 

structure of the crystal. The channels containing Nb 
atoms are imaged as white dots, the regions where the 
octahedra share their edges, or shear planes, show grey 
contrast and the region near a tetrahedrally coordinated 
metal atom, surrounded with eight metal atoms in the 
nearest octahedra, is black. 
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Fig. 1. Real compositions of the niobium oxides under equilib- 
rium with various atmospheres, determined by Sch/ifer, 
Bergner & Gruehn (1969) and Kimura (1973). 
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Fig.2. (a) Idealized structure of Nb22Os4 and (b) its simple 
representation. The darker and lighter squares represent 
octahedra of NbO6 which form 3 x 3 and 3 x 4 blocks by 
their corner sharing. They are centered about the two levels 
perpendicular to the b axis and are 1.9 J, apart. Black circles 
represent tetrahedrally coordinated Nb atoms. The unit cell 
in projection is outlined (a=21-2, b=3.82, c=15-6 J~ and 
fl= 124-5°). 
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Fig.3. (a) Low-magnification two-dimensional lattice image of a reduced crystal of Nb22054 showing the ordered region (grey) 
and the Wadsley defects (diagonally running black bands). (b) High-magnification lattice image showing the Nb12029-type 
Wadsley defect (indicated by arrows) which corresponds to the black bands indicated by A in Fig. 3(a). Some of the tetrahedral 
sites show darker contrast than the others, suggesting metal-atom vacancies. 

[To fe te  p. 252 
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Fig. 3. (c) Electron diffraction pattern obtained from the crystal 
of Nb22054 containing Nb12029-type Wadsley defects. 

Fig.4. An ordered intergrowth of the Nbz2029-type Wadsley defects (indicated by arrows) into the host structure which 
corresponds to the region shown by B in Fig. 3(a). This region forms a superstructure having a composition of Nb34083. 
The unit cell is outlined. 
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Fig. 5. An ordered intergrowth of the Nb,5062-type Wadsley defects (indicated by arrows) into tile host structure. The region 
forms a superstructure having a composition of Nb~70~6. The unit cell is outlined. 
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Fig.6. (a) A micro-domain of a monoclinic phase of Nb12029 found in a fragment of the reduced Nb22054. The domain contains 
black spots within 3 x 4 blocks (arrowed), indicating the presence of point defect complexes of interstitials at those positions. 
(b) The same microdomain imaged after an electron beam irradiation for several minuites. Note the black spots appearing in 
Fig. 6(a) have disappeared. 

Fig.7. (a) Black spots (arrowed) appearing in an ordered region of a reduced crystal of Nb22054, resembling those observed in 
a domain of Nb12029 shown in Fig. 6(a). (b) A proposed octahedral model for the black spot. The defect is a point defect com- 
plex composed of two displaced metal atoms (indicated by a and b) and two oxygen atoms (open circles). The metal a tom 
(labeled a) has a tetrahedral coordinat ion which is similar to those present in the host structure (shaded). 
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Fig.8. A series of pictures at a relatively low magnification showing the effects of electron-beam irradiation on the point-defect 
complexes. (a) At a very early stage of the irradiation. (b) After several minutes irradiation. (c) After intense irradiation achieved 
by taking out the condenser aperture of the microscope. The Nb12029-type Wadsley defects are indicated by arrows. 
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Fig.9. A preferential aggregation of the point-defect complexes 
at the boundary between the Nb~2029-type Wadsley defect 
and the host lattice. 

Fig. 10. The image of fragment of Nb22Os4, showing considerable fluctuations in contrast at the tetrahedral sites in a matrix 
of Nb22054. This suggest that the sites with lighter contrast (arrowed) contain metal-atom vacancies. 
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The appearance of the image contrast is quite de- 
pendent on the focusing of the microscope, crystal 
thickness and orientation. A good correspondence of 
the image with the crystal structure could be obtained 
only by satisfying thoroughly these critical conditions. 
In particular, for investigation of point defects the crys- 
tals should be imaged after setting the crystal orienta- 
tion parallel to the b axis with accuracy of 2 × 10 -a rad. 
All images were taken from the b-axis orientation of 
the crystals. 

Wadsley defects 

Fig. 3(a) shows a relatively low-magnification image 
of a fragment of NbO2.441, indicating some planar de- 
fects (black bands). A high-magnification image of a 
region similar to that indicated by A is shown in Fig. 
3(b). The regular alternation of the rows of 3 x 3 and 
3 × 4 blocks in an ordered region is upset at the posi- 
tions indicated by arrows, in which two rows of the 
3 x 4 blocks adjoin. This is illustrated in the inset. The 
defect region intergrows coherently parallel to both c 
and b axes of the host lattice of Nb22054 and consists 
of structural components of Nb~2029 which is the 
neighbouring phase to Nb22Os4 having less oxygen con- 
tent. Note that almost all these defect layers, Wadsley 
defects, are extended two-dimensionally (perpendicular 
to the page) and never terminate within a crystal. The 
electron diffraction pattern taken from the fragment 
containing these Wadsley defects is shown in Fig. 3(c). 
The main spots are due to the host lattice of Nb22054 
and the streaks parallel to the a* axis are consistent 
with the occurrence of the observed Wadsley defects. 

It was found that these Wadsley defects have a ten- 
dency to appear in pairs or in groups with a regular 
spacing [indicated by B in Fig. 3(a)] in a matrix lattice. 
An example is shown in Fig. 4, in which the Wadsley 
defects are indicated by arrows. The faulted region 
forms an ordered intergrowth, namely a superstruc- 
ture, consisting of alternating layers of Nb12029 and 
Nb22054 parallel to the c axis of the NbzzO54 structure. 
The unit cell, indicated in the inset, has dimensions of 
roughly a=62.4, b=3-8, c= 15.6/~ and fl= 120 °. The 
composition is Nba4083 (=NbO2.4ai). These micro- 
domains of the superstructure did not grow more than 
about 15 unit cells wide. 

Occurrences of these Wadsley defects (hereafter 
called Nb~zOz9-type Wadsley defects) will make the 
overall composition of the specimen oxygen deficient. 
They were very common in fragments from all samples 
examined here except for NbOz.460. There was a gen- 
eral tendency for samples with higher degree of oxygen 
deficiency to contain higher concentrations of the 
Nb~zOzg-type Wadsley defects. This supports qualita- 
tively the idea that the deviation in composition toward 
the oxygen deficiency from the ideal value is accom- 
modated by coherent intergrowths of the lower Nb 
oxides of Nb12029. 

In order to answer the further question, whether the 
Wadsley defects are the only means of accommodating 

the deviation of the composition of the reduced samples 
of Nb22054 from stoichiometry, the concentration of 
the Wadsley defects was examined in numerous photo- 
graphs taken from 25 fragments from the sample of 
NBO2.446. For this purpose, it has been confirmed that 
the fragments from this sample did not contain any 
other predominant Wadsley defects except for the 
Nb~2029-type ones. The other samples were not ex- 
amined because some of the fragments from NBO2.441 
and NBO2.444 showed only the Nb12029 phase or small 
domains of it and fragments from NBO2.452 and 
NBO2.460 showed Nbz5062-type Wadsley defects or 
domains of the higher oxide phase Nb47Ol16, which will 
be described later. The existence of these defects will 
make the interpretation difficult. 

The results showed that 554 fringes of NblzO29-type 
Wadsley defects were counted for 5790 fringes cor- 
responding to the a-axis spacing of the matrix lattice 
of Nb22054. From these values, assuming that the devi- 
ation in composition from the ideal value (2.454) would 
be accommodated only by occurrences of the Nb~zOa9- 
type Wadsley defects, we estimated the metal-oxygen 
ratio of the sample to be NBO2.452. This is much higher 
than the chemically analyzed value 2.446. This suggests 
that it is insufficient to explain the nonstoichiometry 
of the sample only in terms of the Wadsley defects. 
It will be expected, therefore, that reduced samples of 
Nb22054 should contain some kinds of point defects 
contributing to oxygen deficiency. 

There was another type of Wadsley defect contain- 
ing structural components similar to the Nb25062 phase. 
This is shown by arrows in Fig. 5. Such defects were 
observed in the fragments from the sample of NbOz.45 z 
whose composition is the closest to the ideal formula 
Nb22054 among the oxygen deficient samples. The 
faulted region forms a small domain of the Nb47Olx6 
phase (=NBO2.468) which has been known as the 
higher oxide phase next to Nb22054 in the phase 
diagram (see Fig. 1). The inset shows the model for 
this structure and the unit cell is indicated. This type 
of Wadsley defect shifts the overall composition toward 
the oxygen excess but it occurred with such a low den- 
sity that it could not contribute appreciably to the 
nonstoichiometry. It is noted that both oxygen-defi- 
cient and excess type Wadsley defects with respect to 
the ordered phase of Nb22054 can coexist in this 
sample. 

On the other hand, the Nb470~6 phase was pre- 
dominant in the sample of NBO2.460 for which com- 
position oxygen is in excess with respect to the ideal 
value of Nb22054. About two thirds of the fragments 
from this sample showed only the Nb47Oaa6 phase which 
contained small domains of Nb22054 as intergrown 
layers. This is qualitatively consistent with the fact 
that the sample NBO2.460 has oxygen excess. 

Point defect within a 'block' 

Fig. 6(a) shows a small domain of a monoclinic 
phase of Nb12029. Similar domains were observed often 
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in the samples of NbO2.441 and NbOz.444. It was found 
that these domains always contained black spots (ar- 
rowed) within a 3 x 4 block. Fig. 6(b) was taken after 
several minutes from the same region as shown in 
Fig. 6(a). It is obvious that the black spots have dis- 
appeared during the observation with an electron 
microscope. A similar observation has been made previ- 
ously on the fragments from slightly oxygen-excess 
samples of Nb12029 (Iijima, Kimura & Goto, 1973). 
Therefore, these black spots may result from the same 
origin and can be interpreted in a similar way. 

In summary, they are due to the occurrence of the 
point-defect complexes composed of two displaced 
metal atoms and two interstitial oxygen atoms, giving 
a structure which is similar to the tetrahedral site 
present in Nb22054. We called it a 'quasi-tetrahedral 
site'. It requires two extra oxygen atoms per one defect 
and thus contributes to the nonstoichiometry of oxy- 
gen excess of the specimen. 

Similar black spots were also observed in the 3 x 4 
blocks in ordered regions of Nb22054 from all the 
samples except for NBO2.460. An example of this taken 
from the fragment of NBO2.446 is reproduced in Fig. 
7(a). Black spots (arrowed) are located at the position 
corresponding to one of the 2 x 3 channels within a 
3 x 4 block. By analogy with the defect appearing in 
the Nb12029 region, a possible model for the black 
spot was derived which is illustrated in Fig. 7(b). 

Fig. 8(a), (b), (c) shows a series of pictures taken suc- 
cessively at several minute intervals. The black bands 
represent Nb~2029-type Wadsley defects described pre- 
viously. In the regions of Nb22054 between those bands 
[Fig. 8(a)], there are many black spots, which have dis- 
appeared with exposure time [Fig. 8(b)]. The image in 
Fig. 8(c), which was recorded after an intense electron 
irradiation, performed by removing a condenser aper- 
ture of the microscope, does not contain black spots 
except at tetrahedral sites. Note that the black spots 
were preferentially formed at the boundary regions be- 
tween the Nb12029-type Wadsley defects and a matrix 
lattice of Nb22054 [Fig. 8(b)]. A typical example is 
shown in Fig. 9. The black spots at the boundaries can 
also be explained by assuming the occurrence of the 
point defects described in Fig. 7(b). They are more 
stable under the electron irradiation than those in or- 
dered regions but with intense electron-beam irradia- 
tion they have also disappeared as seen in Fig. 8(c), 
where the Nb12029-type Wadsley defects are indicated 
by arrows. Therefore, these Wadsley defects have con- 
tained oxygen excess before the electron irradiation 
and after releasing the oxygen they seem to become 
stoichiometric structures. 

The fact that these defects were easily annealed out 
under electron irradiation makes the quantitative inter- 
pretation of the nonstoichiometry of the present sam- 
ples difficult. It can be said, nevertheless, that the 
density of these point defects [Fig. 8(a)] seems to be 
high enough to contribute to the oxygen excess of the 
specimen, as in the Nb12029. 

Po&t  defect at a tetrahedral site 
The most interesting finding in this study is that 

there are considerable fluctuations in contrast at the 
tetrahedral sites in a matrix of Nb22Os4. This can be 
clearly seen in an image of a fragment from NBO2.451 
shown in Fig. 10 and also in Figs. 3(b), 4, 6(a), in 
which some of tetrahedral sites are darker (circled) or 
lighter (arrowed). The fluctuation was observable only 
in a very thin region of the crystal. In a previous ob- 
servation by Iijima (1973) on H-NbzO5 with stoichio- 
metric composition, which also has tetrahedral sites, 
no observable differences in the contrast among those 
sites were visible. Thus it is unlikely that the differences 
are due to some artifacts during the observation, such 
as contamination on the specimen. 

From the theory of the image contrast (Cowley & 
Iijima, 1973), if the crystal is about 10 A thick for a 
heavy-atom crystal, the image contrast can be inter- 
preted in terms of a weak phase object and is linearly 
proportional to the projected crystal potential along 
the incident beam direction. An intuitive interpretation 
of the observed fluctuation in the contrast, therefore, 
is that some of the tetrahedrally coordinated metal 
atoms are absent from their positions; i.e. there are 
metal-atom vacancies. This is illustrated in Fig. 1 l(b), 
compared with the model for a tetrahedrally coor- 
dinated metal atom (hereafter represented by Nb~v) 
shown in Fig. 1 l(a). The frame of the nearest neigh- 
bouring oxygen ions in a vacant site of Nblv is un- 
changed. It is obvious that this defect structure is elec- 
trostatically unfavourable. Furthermore, since this de- 
fect structure has an oxygen excess, this will be in con- 
flict with the fact that our reduced samples should be 
oxygen deficient. 

Nb IV 

(a) (b) 

(c) 

Fig. 11. A proposed model for the defect at the tetrahedral site 
appearing in Fig. 10. Black dots are niobium atoms and 
open circles oxygen atoms. (a) A normal tetrahedral site. (b) 
A postulated metal-atom vacancy at the tetrahedral site. 
(c) A presently proposed model, where NbO4 at the tetra- 
hedral site is substituted by a oxygen atom. 
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A proposed model for this defect is represented in 
Fig. 1 l(c).* The frame of oxygen ions in the vicinity 
of a vacant site of Nb~v is perhaps destroyed and is re- 
placed by one oxygen ion. This may possibly occur 
because the repulsive forces between the anions [in 
Fig. 11 (b)] may reduce the stability of the crystal struc- 
ture. Incidentally, it should be clear that the structures 
shown in Fig. 11 do not represent the reaction process 
for the formation of a vacant Nb~v site. According to 
this model, when one Nb~v atom is lost from the tetra- 
hedral site, three oxygen atoms are also missing. It is 
a cluster of vacancies of one Nb and three oxygen 
atoms, expressed as NbOa. Thus this type of point de- 
fect may contribute not to an oxygen excess but to an 
oxygen deficiency of the specimen. This is consistent 
with the fact that our samples are oxygen deficient with 
respect to the host lattice. 

Discussion 

The visualization of point defects by high-resolution 
microscopy has been proved to be possible. It has been 
shown directly for the first time that point defects play 
an important role in nonstoichiometry of the com- 
pounds of NbOz-NbzO5 system. Their presence had 
been expected but has never been observed before. It 
is obvious that the high-resolution lattice-imaging 
method has a great potential for the study of point de- 
fects as well as extended defects in solids. 

Equilibrium of Wadsley defects 
Our previous experiments on the quenched samples 

of 'block' structures of H-NbzO5 and TiO2.7NbzO5 
with stoichiometric or nonstoichiometric compositions 
(Iijima, 1973; Iijima & Allpress, 1973) showed several 
different types of Wadsley defects and/or relatively 
larger domains of phases different from the host struc- 
tures. Their compositions were either oxygen-deficient 
or excess with respect to the host structures, and they 
often coexisted in the host lattices. It was suggested 
from those observations that the variety of planar de- 
fects probably resulted from the non-equilibrium state 
of the crystals. Such fluctuations in structure, occurring 
at the unit-cell level, have restricted the further argu- 
ments on nonstoichiometry of those crystals. For a 
better understanding of nonstoichiometry supposedly 
caused by the presence of Wadsley defects, therefore, 

* Recently Anderson et al. (1973) studied the block struc- 
ture of GeNblaO47, containing 3 x 3 blocks and tetrahedral 
sites and proposed a model for the point defect at the tetra- 
hedral sites different from ours. Tetrahedral sites at z= ¼ and ¼ 
could be partially substituted by two octahedral sites at z=0 
or ½ and cations in these positions connect the blocks at the 
same level [see Fig. 2(a)]. If this is the case, these areas could be 
imaged darker than those without defects instead of lighter as 
for the present model because of higher electrostatic potential 
projected along the incident electron-beam direction. There- 
fore, the darker regions shown by circles in Figs. 3(b), 4 & 6(a) 
could result from such defects. To resolve this argument, the 
calculation of image contrast of the defects will be necessary. 

it is required to use the well-equilibrated materials. In 
this sense, we believe that our samples from Kimura's 
(1973) experiment of phase equilibrium were satis- 
factorily characterized. 

It was found that the most common Wadsley defect 
in the slightly reduced oxides of Nb12054 was of the 
NblzOz9 type. The NbxzOzg-type Wadsley defect has 
not been discussed in the previous literature (for in- 
stance, Anderson, 1970) probably because no observa- 
tion of the existence of a range of composition for the 
Nb22054 phase was reported until Kimura's study. This 
occurrence can be readily understood by extending the 
established concept of the Wadsley defects, i.e. coherent 
intergrowths ofneighbouring phases into the host struc- 
ture. 

Of samples of Nbz2Os4 presently examined, the 
NbOz.446 contained only one type of Wadsley defect, 
the NbtzOzg-type, which was randomly distributed in 
the host lattice. However, some fragments from 
NBO2.44 t and NbOz.444, having less oxygen content 
than the others and located close to the region of 
Nb12029 phase in the phase diagram, frequently con- 
tained domains of Nb12029 phase. The fragments from 
NbO2.452 showed both NblzO29-type and Nb25062-type 
Wadsley defects but the fragments from NBO2.460 
showed no NblzO29-type Wadsley defects but only 
Nb2sO62-type defects and its ordered intergrowths. Note 
that in most samples only one type of Wadsley defect 
could be observed predominantly. It is of interest to 
compare this result with the previous observation on 
quenched samples. It seems that Wadsley defects are 
thermodynamically stable and only neighbouring 
phases of the host structure are allowed to be Wadsley 
defects in well-equilibrated materials. 

The phase rule states that only a critical oxygen pres- 
sure can allow two solid phases to coexist in equilibrium 
in the binary system Nb-O. It is therefore understood 
that under the usual experimental conditions of equi- 
libration, the niobium oxide specimen is expected to 
become eventually only one homogeneous phase. 
The observed occurrence of large domains of NbtzO29 
in the Nb22054 host matrix strongly suggests that the 
specimen is in the process of forming the NbzzO54 phase 
with homogeneously distributed Nb12029-type Wadsley 
defects. Thus, the samples of NbOz.446 have been 
satisfactorily equilibrated, while others have not. The 
reaction conditions (1400°C, 15-27 h) for those sam- 
ples probably have been insufficient for attaining equi- 
librium states. This agrees with the experiment by 
Allpress & Roth (1971). They showed that by anneal- 
ing nonstoichiometric Ti-W oxides both the number 
of types of Wadsley defects and their densities were 
decreased but they were never entirely removed from 
the samples even after prolonged annealing. 

Nonstoichiometry 
As we have described in the preceding section, major 

defects in the crystals of Nbz2Os4 were Nb~zOzg-type 
Wadsley defects (oxygen deficient), point-defect corn- 
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plexes, or 'quasi-tetrahedral sites', containing inter- 
stitials within a block (oxygen excess) and point-defect 
complexes containing vacancies at tetrahedral sites 
(oxygen deficient). The nonstoichiometry of Nb22Os4 
phase, therefore, might result from net effects of those 
three defect types. These observations evidently gave 
an answer to the question whether Wadsley defects are 
the only means of accommodating the deviation of a 
composition from stoichiometry. The density of 
NblzO29-type Wadsley defects in the fragments of the 
reduced Nb22Os4 increases as the oxygen content in 
the samples decreases, indicating that Wadsley defects 
are undoubtedly associated with the nonstoichiometry 
of this phase. This has been confirmed somewhat quan- 
titatively on the specimen NBO2.446. The estimated den- 
sity, however, was not high enough to accommodate 
the discrepancy of the composition from the measured 
value. In addition to this, it was found that point-defect 
complexes of interstitials contributed to the oxygen 
excess of the reduced materials. This means that the 
net effects of the point defects on the composition 
must be a further decrease in oxygen excess. As a 
result, we should conclude that the point-defect com- 
plexes of NbO3 vacancies play a significant role in the 
nonstoichiometry of the Nb22Os4 phase. 

We believe that this type of point defect will be a 
common defect in nonstoichiometric oxides of Nb hav- 
ing Nb~v sites. This is likely because the narrow ranges 
of homogeneity in the NbO2-Nb205 system are mainly 
observed in the structures having Nb~v, and Nb12029, 
which does not have such sites, does not show an ap- 
preciable deviation from the ideal composition. The 
more the crystal incorporates the vacant sites of Nb~v, 
the more its composition will shift toward the oxygen- 
deficient side, losing more oxygen atoms than niobium 
atoms. In this way the oxygen-deficient compositions 
of the Nb22Os4, Nb2sO62 and Nb28070 (H-Nb2Os) phases 
can be fully interpreted. For reference, a simple calcu- 
lation was carried out to obtain the compositions of 
those phases when all the tetrahedral Nb atoms are 
absent from their sites. The result is shown below: 

(a) Nb22Os4 (NBO2.454) with no Nblv: NBO2.429 
(b) Nb2sO62 (NBO2.480) with no Nb~v: NbO2.45s 
(c) Nb28070 (NbO2.500) with no Nb~v: NBO2.482 • 

According to Kimura's (1973) experiment the most 
oxygen-deficient compositions of Nb22054, Nb25062 and 
Nb28070 at 1400 °C are NBO2.446, NbO2.a70 and NBO2.490 
respectively. Thus the effect of the absence of Nb~v is 
found to be enough to cover the observed deviations 
in compositions. 

Point defects and Wadsley defects 

In the process of considering the phase transforma- 
tion from Nb22054 into Nb12029, or vice versa, two im- 
portant observations have been made on the point 
defect complexes of interstitials, or 'quasi-tetrahedral 
sites' present in crystals of reduced Nb22Os4, i.e. the 
defects are more slowly annealed out by electron-beam 

irradiation than those randomly distributed in the host 
lattice and they aggregate preferentially at the bound- 
aries between Nb12Oz9-type Wadsley defects and the 
host structure [Fig. 9(a)]. The elimination of the 'quasi- 
tetrahedral sites' will involve diffusion of oxygen ions 
or oxygen vacancies through the host lattice. Although 
such an elimination of the point defects took place 
under the electron-beam irradiation, a similar elimina- 
tion or nucleation will occur in the reduced crystals 
of Nb22Os4 or oxygen-excess crystals of Nb12029 under 
certain circumstances dependent on oxygen pressure. 

For the formation of the 'crystallographic shear' 
(CS) structure, Anderson & Hyde (1967) have proposed 
a model for the case of the one-dimensional CS struc- 
ture in the ReO3 structure. They thought that the CS 
plane would be created by aggregation of oxygen va- 
cancies and subsequent collapse into dislocation loops 
since there is an energetic advantage for the crystals in 
a process that reduces the number of point defects by 
clustering into large extended defects, or Wadsley de- 
fects. For the case of the two-dimensional CS struc- 
ture present in the block structure the situation might 
be somewhat different. In order to introduce one phase 
of the block structures into another, displacement of 
a significant amount of both cations and oxygen ions 
must be explained for the coherent intergrowth be- 
tween them, as in the 'cooperative diffusion' proposed 
by Andersson & Wadsley (1966). Such a speculation 
is beyond the discussion of the present experiment but 
it can be said that displacement of the cations will be 
associated with the 'quasi-tetrahedral sites' proposed 
in this paper. For a fuller understanding of the mech- 
anism of the phase transformation in the shear struc- 
ture of the block structures, the presence of the point 
defect at the tetrahedral sites should be also taken into 
account. 
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This paper presents an algorithm for making use of symmetry in the fast Fourier transform in a simple 
and general way which is applicable to nearly all space groups. This allows one to reduce storage re- 
quirements to approximately what is needed for an asymmetric unit of the electron-density function, 
and hence makes possible economical forward and reverse transforms of large unit cells in core. 

Introduction 

In recent years the 'Fast Fourier Transform' (FFT) of 
Cooley & Tukey (1965) has been increasingly applied 
to problems in crystallography and electron micros- 
copy. A consideration limiting its use, however, has 
been the fact that, while Friedel symmetry may be 
conveniently incorporated into the algorithm, it has 
only recently been possible to make use of space-group 
symmetry to reduce storage and computing time re- 
quirements. The storage problem is more serious since 
it frequently happens, particularly for crystals of large 
biological molecules, that the available core storage is 
not sufficient to include the entire unit cell, which is 
what the fast Fourier algorithm normally requires• Ex- 
ceeding the core limitations forces one to use a more 
complex and time-consuming form of the algorithm 
which uses tape or disk for  storage (Gentleman & 
Sande, 1966; Brenner, 1968, 1972; Singleton, 1968; 
Hubbard & Quicksall, 1970). The net result of not 
using space-group sym-metry and having to include the 
entire unit cell in the transform is to erode the savings 
possible with the FFT; indeed, for high-symmetry 
space groups, the fast Fourier method may not have a 
significant advantage over conventional algorithms, 
and may even be costlier. For these reasons, an ap- 
proach which allows the FFT to make use of space- 
group symmetry is of some value, as this could provide 

the storage factor necessary to allow the computa- 
tions to be done in-core. 

We present such an approach. A method which bears 
some similarities to the procedures we set out here, has 
been proposed by Ten Eyck (1973), who has analyzed 
how the fast Fourier algorithm might be modified to 
include various possible symmetries. The present ap- 
proach differs from Ten Eyck's in being simpler and 
more general since only standard, unmodified, fast 
Fourier subroutines are used. On the other hand, it 
suffers from the disadvantage of making full use of 
symmetry only for storage, but not for time reductions. 

Procedure 

For space-group symmetry with N general positions 
given by rotations and translations, S j and t j, j =  1, 
• . . ,  N, the electron-density function and its transform 
have the symmetry, 

Q(SJx +tJ) =Q(x) (1) 
and 

since 
F(SJh)=exp (-2zcih.  t~)F(h) (2) 

SJh. x = h.  Six = h.  (x j -  t J). (3) 

Centering is included in these equations by operations 
of the form [S J, t j + , ]  where ,  is the appropriate trans- 
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