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Abstract 

Besides Cu40 , Cu40°SI and  Cu40-S  2 r epor t ed  pre- 
viously, three  a l lo t ropes  o f  a new metas t ab le  oxide  o f  

copper ,  0~-Cu400.75 , ~-Cu400.75 and  y-CuaO0.75, have  
been observed  by h igh- reso lu t ion  e lec t ron  micro-  
scopy in an early stage o f  the ox ida t ion  o f  copper .  

* Project partly supported by the National Natural Science 
Foundation of the People's Republic of China, under grant 
888600. 

The atomic positions of Cu and O have been 
determined by comparing the observed structure 
images with simulated ones calculated using the 
theories of electron diffraction and image formation. 
These new suboxides have oxygen-deficient Cu40 
structures and the O atoms occupy not only the 
central positions in the tetrahedra consisting of four 
Cu atoms, but also the central positions in the 
octahedra consisting of six Cu atoms. The differences 
between a-, fl- and ~/-Cu400.75 are due to the distri- 
bution of O atoms. 

0108-7681/90/020103-09503.00 © 1990 International Union of Crystallography 



104 ELECTRON MICROSCOPY STUDY OF METASTABLE OXIDES. V 

1. Introduction 

A series of metastable suboxides with the chemical 
compositions Cu40 (Guan, Hashimoto & Yoshida, 
1984), Cu40-SI, Cu40-$2 (Guan, Hashimoto, Kuo & 
Yoshida, 1987), CusO (Guan, Hashimoto & Kuo, 
1984) and Cu640 (Guan, Hashimoto & Kuo, 1985), 
formed in the initial stage of the oxidation of copper, 
have been observed using a high-resolution electron 
microscope (HREM). The oxygen content of the 
Cu40-S1 and Cu40-$2 superstructures is the same as 
that in Cu40, but the positions of the O atoms are 

different (Guan, Hashimoto, Kuo & Yoshida, 1987). 
In Cu40, the O atoms are all situated in the center of 
tetrahedra consisting of four Cu atoms, whereas the 
Cu40-S~ and Cu40-$2 structures consist of three unit 
cells of Cu, each of which has O atoms partly 
situated in tetrahedra and partly situated in octahe- 
dra of Cu atoms. 

Structure determinations of Cu40, Cu40-S~, 
Cu40-$2, Cu80 and Cu640 have been carried out by 
studying electron diffraction patterns and electron 
microscope observations of the structure images pro- 
jetted parallel to the a, b and c axes, and comparing 

:Cu40 o.75 CU40 

Fig. 1. Thin copper-oxide films 
formed on a copper substrate. 

Fig. 2. Image of Cu4Ox with twin 
structure adjacent to CthO. The 
arrow shows the boundary 
between Cu40 and CthOx. 

Fig. 3. HREM image showing 
Cu40 with different contrast: 
regions A, B and C. 
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these observations with the diffraction intensity dis- 
tribution and image contrast calculated by electron 
diffraction and image-formation theories. 

The present paper reports three further structures 
of the Cu40 family, a-Cu400.75, fl-Cu400.75 and 
y-Cu400.75. These oxides were formed in different 
small regions of about 6 to 15 nm thickness in a 
Cu40 thin film of 300 nm 2 area. Since the areas of 
the specimen regions are very small and it is rather 
difficult to take structure images of each area in 
more than two directions, the positions of the atoms 
have been proposed from investigations of the con- 
trast of the images projected onto the ab plane and 
from the possible O-atom positions along the e axis. 

2. Experimental 

A rolled copper plate of 60-70 I~m thickness was 
electropolished by the open-window method into a 
thin film with a thickness of about 20 nm, suitable 
for observation by high-resolution electron micro- 
scopy. The thin film was then oxidized at 770-820 K 
in a vacuum of 2-2.4 Pa for about 2 min. The oxides 
of different structure were produced in parts of the 
film with different thickness even when the oxidation 
conditions were the same for all areas of the speci- 
men. The electron diffraction patterns and the 
HREM images at an atomic level were recorded 
using a JEM-100CX electron microscope. 

3. Results 

Fig. 1 shows a low-magnification electron micro- 
scope image of copper oxide films grown on a Cu 
crystal. The dark region in the lower part of this 
figure is the Cu film and the thin region at the top is 
the formed copper oxides, shown by electron diffrac- 
tion to be Cu40. The HREM images of these oxide 
films show various contrasts in the different regions, 
some of which have been analyzed previously to be 
Cu40, Cu40-S1 and Cu40-$2 (Guan, Hashimoto & 
Yoshida, 1984; Guan, Hashimoto, Kuo & Yoshida, 
1987). However, these films, which were prepared 
under the same conditions, contained regions whose 
structure had not been analyzed. The unknown 
structure was tentatively denoted Cu40~. 

Crystals with the Cu4Ox structure are often formed 
in a region adjacent to the Cu40 crystal region, 
sometimes with twin structure as shown in Fig. 2. To 
the right of the twin boundary, indicated by an 
arrow, a uniform Cu40 structure of [001] orientation 
is seen while to the left of the boundary the Cu4Ox 
structure is seen. 

Fig. 3 shows large-magnification HREM images of 
Cu4Ox. The images were taken from the left side of 
Fig. 2, but far away from the twin boundary. One of 
the selected-area electron diffraction patterns from 

an area shown in Fig. 3 is shown in Fig. 4. Even 
though the positions of the selected areas were 
changed, the corresponding diffraction patterns did 
not show a noticeable change which seems to be due 
to the large aperture size of area selection. However, 
the images shown in regions A, B and C of Fig. 3 
show different contrast. Since these areas were oxi- 
dized under the same conditions, they can be 
expected to have a chemical composition similar to 
Cu40. Thus the composition was tentatively assumed 
to be Cu4Ox, where x is an unknown value close to 1. 

Fig. 5 schematically shows a comparison of the 
electron diffraction patterns of Cu4Ox, Cu40 and Cu. 
The dots in the figure represent the diffraction spots 
from Cu4Ox, the small circles represent the spots 
from Cu40 in the [001] orientation and the large 
circles represent the spots from Cu in the [011] 
orientation. It can be seen from Fig. 5 that all of the 
diffraction spots of Cu40 are superposed with those 
of Cu40~, but Cu4Ox has two times more spots in the 
[010] Cu40 direction than Cu40 has, whereas in the 
[100] Cu40 direction both structures have the same 
number of spots. These facts clearly suggest that the 
basic period of the Cu4Ox structure is twice as large 
as that of Cu40 in the [010] Cu40 direction but the 
same in the [100] Cu40 direction. As was reported 
previously (Guan, Hashimoto & Yoshida, 1984), the 
[001] orientation of Cu40 corresponds to the [011] 
orientation of Cu, thus the diffraction spots of 
Cu(200) and (111) should be superposed with (200) 
and (120) diffraction spots of Cu40 if the distortion 
in the crystal lattice caused by the inclusion of the 
interstitial O atoms in the copper lattice is negligibly 
small. 

In the images labelled A, B and C in Fig. 3, the 
contrast of the white dots changes in an abrupt and 

Fig. 4. Electron diffraction pattern of Cu4Ox. 



orderly fashion, which is different from the image of 
Cu40 shown in the right-hand side of Fig. 2. Since 
such variation in contrast has taken place within 
several hngstroms, it can be ascribed to a change of 
the structure rather than to a variation of the sample 
thickness or the imaging conditions, as was done in 
the interpretation of the image of CusO (Guan, 
Hashimoto & Kuo, 1984). 

3.1. The structure o f  ~-CH40  x 

acu4o 

The top part of Fig. 6 shows an HREM image of 
Cu40 in the [001] orientation, where the bright spots 
represent the projections of the O atoms as reported 
previously (Guan, Hashimoto & Yoshida, 1984). The 
bottom part of Fig. 6 shows a magnified image of 
region ,4 in Fig. 3, with the same magnification as for 
Cu40 in the top image. By comparing both images it 
can be seen that the distances and the angles between 
the bright spots are the same, but the contrast of the 
spots is different in both figures, i.e. in the top image 
the contrast of the spots is uniform whereas in the 
bottom image it is alternately weak and strong, as 
indicated by the arrows between the two images. 

Fig. 7(a) shows a projection of the structure of 
Cu40 along [100], in which the small black dots 
represent the Cu atoms. The large circles represent 
the O atoms, and 0 and ~ represent the heights of the 
O atom in the unit cell. Fig. 7(b) shows a projection 
of the structure of Cu40 along [001], in which the 
large circles also represent the O atoms but the 
number 4 in the circles indicates that the O atoms are 
situated in the center of the tetrahedra formed by the 
Cu atoms. By comparing Figs. 7(a) and 7(b) it is seen 

• ® • ® • ® • ® 

Cu200 Cu222 
~ -  ® • ® • ® • ® 
2OO 

Cu111 
,~ • ® • ~ )  • ® • ® 

100 110 120 130 1/,0 

VvVvVvV 

Cu 220 
,,..l = ~ : @ = : : ~ bcu4o 

020 040 
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Fig. 5. Schematic diagram for comparison of the electron diffrac- 
tion patterns of Cu40 [001] and Cu4Ox. Black dots represent the 
diffraction spots of Cu4Ox, small circles represent those of Cu40 
and large circles Cu. The circles enclosing black dots indicate 
superposition. 

that the large circles in Fig. 7(b) are the projections 
of the columns of the O atoms with respective 
heights of a = 0 and 1 in Fig. 7(a). For the structure 
of Cu40, the density of the O atoms with respect to 
the heights 0 and 1 is the same, so the intensities of 
the spots in the electron microscope image are the 
same as shown in the top part of Fig. 6, which is 
illustrated by the same arrows (1, 2, 3 and 4) between 
Figs. 7(a) and 7(b). 

Considering the above discussion, projections of a 
trial structure of Cu4Ox along the [100] and [001] 
directions were suggested as shown in Figs. 8(a) and 
8(b). The projections in Figs. 8(a) and 8(b) are the 
same as those in Figs. 7(a) and 7(b), respectively. 
Comparing Figs. 7(a) and 8(a) it is seen that if the 
hatched circles in Fig. 7(a) are omitted, the figures 
are identical. From Fig. 8 it is seen that the basic 
periods of this model in the [010] and [001] directions 
are twice as large as those of Cu40. The basic period 
in the [100] direction stays the same as that of Cu40 
and this model explains the geometrical arrangement 
of the diffraction spots in Fig. 4. 

According to this model, the number of O atoms 
in the unit cell can be counted and it is seen that the 
value of x is 3, namely Cu4Ox can be depicted as 
CU4Oo.75. For discrimination of this structure from 
the others shown later, it is named o~-Cu400.75. From 
Fig. 8(a) we can see that the density of the O atoms 
with a height of 0 is less than that of the O atoms 
with a height of ~ by a factor of two. This is 
illustrated by arrows 1, 2, 3 and 4 of different 
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Fig. 6. Large-magnification images of Cu4Ox from region A in Fig. 
3 (bottom) and of Cu40 projected along the [001] direction 
(top). Arrows: see text. 
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thickness between Figs. 8(a) and 8(b). In order to 
indicate this difference, the projections of the O 
atoms with a height of 0 and ~ are shown in Fig. 8(b) 
by small and large circles, respectively. 

In the present observations, only the electron 
micrographs and diffraction patterns projected along 
[001] Cu40 were obtained. Thus the positions of the 
O atoms in the projection along [100] Cu40 shown in 
Fig. 8(a) are only one of several possibilities. O 
atoms with 0 height in Fig. 8(a) can be the positions 
shown as A~, A2 o r  A3, and those with ½ height can be 
in positions B~, B2 or B3, and B~, B~ or B~. Since the 
uniform distribution of O atoms in the copper lattice 
seems to be energetically stable, the model shown in 
Fig. 8(a) is reasonable, i.e. 0 atoms with 0 height are 
in the base center and those with ~ height occupy the 
center position in (011) whose four corners are occu- 
pied by O atoms. 

The model shown in Figs. 8(a) and 8(b) has been 
checked by comparison of the observed image con- 
trast with calculations based on the dynamic theory 
of electron diffraction (multislice method) and 
HREM imaging theory. Fig. 9(a) shows the simu- 
lated images of [001] CuaO as reported earlier (Guan, 
Hashimoto & Yoshida, 1984). Figs. 9(b) and 9(c) 
show simulated images of o~-Cu4Oo.75 with two dif- 

ferent thicknesses, and in the same [001] orientation 
as the image of Cu40. In the present calculation, 
partial coherence of the illuminating electron beam 
has been taken into account, i.e. the following 
parameters have been adopted: Cs = 0.7 mm, Cc = 
1 mm, Aa = 3 x 10-3 rad, A = 15 nm, Af= 200 nm, 
E = I00 kV. The image contrast does not change 
until Af becomes 230 nm, i.e. A f =  215 +__ 15 nm pro- 
duces images with the same contrast. It is also 
assumed that the number of excited waves in the 
crystals is 16384 and that the angle of the objective 
aperture is g - - 2 0 / A - - 5  nm-1. The intensity of the 
bright spots in Fig. 9(a) is the same, which is in good 
agreement with that of the observed images shown in 
the top part of Fig. 6. The intensity of the bright 
spots in Figs. 9(b) and 9(c) changes regularly, which 
is also in good agreement with those of the observed 
images shown in the bottom part of Fig. 6. Accord- 
ing to the simulated images shown in Figs. 9(b) and 
9(c), it can be seen that the array of spots with 
stronger intensity corresponds to the projection of 
the O atoms at the height of ~, which have a higher 
density of O in the atomic column along the illumi- 
nating beam direction; the array of less-bright spots 
corresponds to the projection of the O atoms at the 
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Fig. 7. Projections of the structure of Cu40 along (a) [100] and (b) 
the [001] directions. The small square in (a) indicates the 
projection of the unit cell of Cu40. The large square in (a) 
corresponds to the square in Fig. 8(a). The arrows indicate the 
corresponding arrays of the O atoms in both figures. 
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Fig. 8. Projections of the structure of a'-Cu400.75 along (a) the 
[100] and (b) the [001] directions. The squares in (a) and (b) 
indicate the projection of the unit cell. The thick arrows (2 and 
4) indicate the arrays with a higher density of O atoms and the 
thin arrows (1 and 3) indicate those with a lower density of 
atoms. A,, A2, A~, B,, B2, B3, ~ ,  Bi, ~ :  see text. 
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height of 0 with a lower density of O atoms in the 
atomic column. 

It is also seen that in the bottom image shown in 
Fig. 6 the weaker spots are laterally elongated. This 
may be caused by the variation of the film thickness, 
as confirmed by the simulated images shown in Fig. 
9(c). 

3.2. The structure of  ~ - C u 4 O o . 7 5  

In order to interpret the features of the image 
shown in region B of Fig. 3, another structure model, 
named fl-Cu4Oo.75, can be suggested as shown in Fig. 
10. Fig. 10(a) is a projection of this structure along 
the [100] axis and Fig. 10(b) is that along the [001] 
axis. In this model, the positions of the O atoms 
along the [100] axis are at the heights of 0, ) and 3, 
respectively, which can be ascertained from the 
image projected parallel to [001] shown in Fig. 3(b). 
It is seen that the distribution of the O atoms in each 

layer is the same as indicated by the three large 
squares in Fig. 10(a), but the arrangement of Cu 
atoms surrounding the O atoms in each layer is 
different. For example, the O atoms at the height 0 
are situated in the octahedra of Cu atoms, but those 
at the heights ~ and 3 are situated in the tetrahedra, 
as shown by the numbers 4 and 8 in the circles in 
Fig. 10(b). The basic periods in the b and c directions 
are twice as large as those of Cu40, but in the [100] 
direction the basic period stays the same as that of 
Cu40. The number of O atoms is also less than that 
of Cu40 by ~, so the structure should be depicted as 
fl-Cu400.75. As described already, only the electron 
diffraction patterns and electron microscope images 
projected along [001] have been observed. From the 
intensity and position of bright spots in the electron 
microscope images, the height and number of O 
atoms projected along [100] can be speculated. As 
shown in Fig. 10(a), O atoms with height ) can be in 
the positions shown by A1, A2, A~ + c/2, A2 + c/2 
and those with height 3 • • • In the positions B~, B2, B~ + 
c/2, BE + C/2. Thus, a choice has to be made between 
positions 4̀~ or `42 and B~ or B2. Since ,t'~ 1 is closer to 
the O atoms with 0 height than `42, .42 may be the 
best possible position. The positions of BI and BE for 
the O atoms of ~ height are equivalent, thus in the 
present model, the position B 1 has been adopted. 

(a) 
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(~  
Fig. 9. Simulated images of (a) Cu40 [001], (b) a-Cu4Oo.75 [001] (at 

a thickness of 6.5 nm) and (c) a-Cu4Oo.75 (at a thickness of 
13-0 nm). C~ = 0.7 ram, Cc = 1 mm, and A f  = 200 nm (see text). 
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Fig. 10. Projections of the structure model of fl-Cu400.75 along (a) 
the [100] and (b) the [001] directions. The arrows indicate the 
corresponding arrays of O atoms. A;, A2, B~, BE: see text. 
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This model has also been confirmed by comparison 
of the observed and the calculated images shown in 
Fig. 11. The top part  of Fig. 11 is a magnified image 
of region B of Fig. 3. The intensity difference of the 
bright spots in the observed image is more homo- 
geneous than in o~-Cu400.75 , but the spacing of the 
imaging spots is wider than that in a-Cu4Oo.7s. The 
bot tom part  of Fig. 11 shows a simulated image with 
the same magnification as that of the top image; the 
simulated image was obtained on the basis of the 
structure model of #-Cu400.75 shown in Fig. 10. A 
good agreement is obtained between the observed 
and the calculated images. 

3.3. The structure of  '~-Cu4Oo.75 

Fig. 12 shows a structure model for the interpreta- 
tion of the image shown in region C of Fig. 3. Fig. 
12(a) is a projection of the structure model along the 
[100] axis and Fig. 12(b) is a [001] projection. In this 
model the O atoms at the height 0 are situated in the 
octahedra, but those at the heights ~ and 23- are in the 
tetrahedra, as shown by the numbers 8 and 4 in the 
circles in Fig. 12(b). It is seen from Fig. 12 that the 
density of the O atoms in the atomic column, 

indicated by the thick arrows 1 and 2, is twice as 
large as that in the arrays indicated by the thin 
arrows 3 and 4. The arrangement of O atoms is 
different from that in a-  and fl-Cu400.75, and thus 
the structure is named y-Cu400.75. As discussed in 
§3.1 and 3.2, the positions and numbers of O atoms 
projected along [001] are deduced from the electron 
microscope images, but the projection along [100] is 
deduced from supposition. The O atom in base 
center with 0 height can be in the positions A l, A2, 
A3, those with ) height in B1, B2, BI + c/2, B2 + C, 
and those with ] height in positions Cl, C2, Ca (Fig. 
12a). Since the atoms with 1 height in Bl or BE are 
equivalent, the atom with 0 height in A1 or A3 
becomes equivalent and also energetically more pos- 
sible than in A2. Thus the possible models are of 
three kinds corresponding to the three positions of 
atoms with ] height, i.e. CI, C2 or (73, as the position 
of atoms with ] height is not yet completely 
determined. 

The top part of Fig. 13 is a magnified image of 
region C of Fig. 3. The features of this H R E M  image 
are as follows. Four  kinds of bright-spot arrays are 
periodically distributed along the b axis. The inten- 
sity of the first array is strong, but the second, third 
and fourth arrays are weak. The bottom part of  Fig. 

Fig. 11. Large magnification of the image shown in region B of 
Fig. 3 (top) and simulated image obtained on the basis of the 
structure model of fl-Cu4Oo.75 [001] (bottom). Parameters used 
for the calculation are t = 12-6 urn, Cs = 0.7 mm, Cc = 1 mm, zlf 
= 230 nm, where t is the thickness. 
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Fig. 12. Projections of the structure model of y-Cu4Oo.75 along (a) 
the [100] and (b) the [001] directions. The arrows indicate the 
corresponding arrays of O atoms. Thickness of arrows, and 
number and size of the circles in (b): see text. A~, A2, A3, B~, B2, 
C,, (?2, (?3: see text. 
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13 is a simulated image with the same magnification 
as that of the top image; the  simulated image was 
obtained on the basis of the [001] structure model of 
y - C u 4 0 0 . 7 5  shown in Fig. 12. It can be seen that the 
intensities of the simulated imaging spots are similar 
to those of the observed bright spots in the image. 
From the calculations it is known that the bright 
spots with strong intensity just correspond to the O 
atoms in the octahedra and in the atom columns 
with higher density of O atoms, whereas those with 
weak intensities correspond to those in the tetra- 
hedra and in the columns with lower density of O 
atoms. From these coincidences, it can be concluded 
that the observed bright-spot image shown in region 
C of Fig. 3 represents the distribution of the O atoms 
of the model of y-Cu400.75 in the [001] orientation. 

4. D i s c u s s i o n  and c o n c l u s i o n s  

Three structural models, referred to a s  ¢ ~ - C u 4 0 0 . 7 5  , 

fl-Cu4Oo.75 and "y-Cu4Oo.75, have been presented to 
interpret the H R E M  images shown in regions A, B 
and C of Fig. 3. Their lattice parameters are a = 
4-02, b = 11-34, c = 11.88 A, and their crystal system 
is orthorhombic. These crystals are formed locally in 

Fig. 13. Large magnification of the image of region C shown in 
Fig. 3 (top) and simulated image obtained on the basis of  the 
structure model of 7-Cu4Oo.~5 [001] (bottom). Parameters used 
for the calculation are t = 13.2 nm, C, = 0-7 mm, Cc = 1 nun, Af 
= 230 nm, where t is the thickness. 

the regions of 6 to 15 nm thickness of Cu40 thin film 
of 300 nm 2 area and thus it is rather difficult to take 
images of these areas from more than two directions. 
However, by referring to the previous structure 
analysis of Cu40, CusO and Cu640, and by studying 
the intensity distribution of the images of atoms 
projected onto the (001) plane, the most probable 
atomic, structures of a-, fl- and y - C u 4 O o . 7 5  have been 
obtained, although y-Cu4Oo.7s has three possible 
models and requires further observations from differ- 
ent orientations before the correct model can be 
identified. 

The fact that only the O-atom contrast appears in 
the H R E M  images of Cu400.75 can be qualitatively 
understood from the standpoint of the thickness 
dependence of the amplitude of the diffraction waves 
as has been discussed already (Guan, Hashimoto & 
Kuo, 1986). Fig. 14 shows the film-thickness depend- 
ence of the amplitudes of the main diffracted waves 
in Cu40 and a-, fl- and y-Cu4Oo.75. It is seen from 
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Fig. 14. Variations of the amplitudes of main reflections of Cu40 
[001], and a-, .8- and y-Cu400.~5 [001] with film thickness. Cu 
and O are assumed to be neutral atoms. 
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the structure of Cu40 in Fig. 7(b) and that of 
o~-Cu4Oo.75 in Fig. 8(b) that the crystal planes (140) 
and (200) in a-Cu4Oo.75 correspond to those of (120) 
and (200) in Cu40, which consist of Cu atoms, and 
the crystal plane of (120) in a-Cu4Oo.7s corresponds 
to that of (110) in Cu40, which consists of O atoms. 
From Fig. 14 it can be seen that the amplitudes of 
the diffracted waves of (140) and (200) in a-Cu4Oo.75, 
which reflect the periodicity of the arrangement of 
copper, vary with the film thickness at a periodicity 
of about 7 nm; in contrast, the amplitudes of the 
diffracted waves of (120), which reflect the periodi- 
city of the arrangement of O, simply increase with 
the film thickness up to about 50 nm. Thus, when the 
film thickness becomes of a large-enough value, 
where the amplitude of (120) is larger than that of 
(140) and (200), the intensity of the imaging spots of 
O atoms will be stronger than those of Cu atoms. 

Similar arguments (based on Fig. 14 and the models 
shown in Figs. 10 and 12 respectively) hold for the 
structures of fl- and y-Cu4Oo.75. 

The present authors thank Drs M. Tomita and Y. 
Yokota and Mr Inada for their help in preparing this 
manuscript. 
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Abstract 

The one-dimensional incommensurately modulated 
structure of ankangite [Bao.827(Tis.827V2.294Cro.o53)- 
O16], a mineral recently discovered in China, has 
been studied by electron diffraction and high- 
resolution electron microscopy. Its average structure 
is tetragonal with lattice parameters a = 10.2 and c = 
2.96A and possible space groups 14, /4 and 14/m. 
The modulated wave spreading along the c axis has 
wavelength A = 2-30c. By referring to the results of 
the electron diffraction analysis it is suggested that 
the existence of a large number of vacancies inside 
tetragonal channels makes the Ba ions deviate from 
their idealized positions to form the modulated struc- 
ture. Diffuse diffraction streaks passing through sat- 
ellite spots were observed and hence modulation 
waves through adjacent Ba-ion strings are considered 
to be incoherent. This was confirmed by high- 
resolution electron microscopy and optical diffrac- 
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tion. The effect of electron-beam irradiation on the 
structure of ankangite is reported. 

1. Introduction 

Ankangite [Bao.827("l-~i5.827V2.294Cro.o53)O16] is a new 
mineral recently discovered in China. Its chemical 
formula is close to that of priderite. The crystal 
structure of ankangite was also considered to be 
similar to that of priderite (Zhou & Ma, 1987), which 
is isomorphous to hollandite. The crystal structure of 
hollandite has been determined by X-ray diffraction 
(Bystrom & Bystrom, 1950, 1951). Fig. 1 shows a 
structure model of hollandite projected along the c 
axis (Bystrom & Bystrom, 1950). In the structure of 
hollandite MO6 octahedra (where M represents Mn 
and its substitutes) share edges along the c axis, 
forming strings which are linked by corner-sharing 
and edge-sharing to form tetragonal channels with 
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