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Abstract 

Besides Cu40 and CusO reported previously, a third 
metastable copper oxide with the chemical composi- 
tion Cu640 formed in the early stage of oxidation of 
copper has been observed by high-resolution electron 
microscopy. The atomic positions of Cu and O have 
been determined by electron diffraction and by com- 
parison of the observed structure images with simu- 
lated ones calculated on the basis of the dynamical 
theory of electron diffraction and image formation 
theory. Cu640 is ordered base-centered orthorhombic 
with lattice constants a =9.74, b =  10.58 and c=  
16.20 A. The intensity of the diffracted waves reflect- 
ing the periodicity of the O-atom arrangement in 
Cu640 is much weaker than those in Cu40 and Cu80 
because of the lower oxygen content. Thus, the images 
of O atoms in the Cu640 crystal can only be observed 
at limited thicknesses. Good agreement between the 
observed and calculated images has been obtained, 
though the distance between the Cu atoms in Cu640 
is still too small to be resolved. 

1. Introduction 

The contributions made by high-resolution electron 
microscopy (HREM) to the understanding of the 
early stages of copper oxidation by the present 
authors (Guan, Hashimoto & Yoshida, 1984; Guan, 
Hashimoto & Kuo, 1984) have shown that two sub- 
oxides, CuaO and CusO, are formed as the interstitial 
solution of O atoms in the Cu lattice. These results 
strongly suggest that a series of copper suboxides 
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containing much less oxygen than the normal ones, 
such as CuO and Cu20, might form. Suboxides in 
b.c.c, transition metals have been studied by several 
workers, but recently Dahmen & Thomas (1979) 
showed that previously published results claiming the 
Ta64C ordered phase are incorrect and can be 
explained completely in terms of oxygen contamina- 
tion yielding the compound Ta120. 

Khachaturyan (1983) has presented theoretical 
criteria based on elastic strain energy to predict site 
occupancy and ordered structures in b.c.c, transition- 
metal dilute solutions with C, N, O, etc. but similar 
problems concerning the interstitials in f.c.c, metals 
such as Cu have not been considered. In the present 
paper, which is the third in the series, the structure 
of a suboxide phase has been determined to be Cu640 
by high-resolution structure imaging and electron 
diffraction. 

2. Specimen preparation and observation 

Cu640 was found in pure commercial copper powder, 
similarly to the case of CusO. It could also be obtained 
by gently heating copper powder in air. Details of 
specimen preparation were presented in the pre- 
vious paper (Guan, Hashimoto & Kuo, 1984). Elec- 
tron-microscopic observations were made using a 
JEM 200CX electron microscope. Fig. 1 shows elec- 
tron micrographs of the new suboxide of copper 
which, for convenience, is designated as CuzO. Fig. 
l (a)  is obtained from pure copper powder, while Fig. 
1 (b) is from the powder heated in air. Electron diffrac- 
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tion patterns from these two types of powders are 
shown in Figs. 2(a) and 3(a),  respectively. The elec- 
tron diffraction pattern of CusO in the [010] orienta- 
tion and a schematic diffraction pattern in the [001] 
orientation are shown in Figs. 2(b) and 3(b) for 
comparison. Figs. 2(c) and 3(c) are the superimposed 
diagrams of Figs. 2(a) and 2(b) and Figs. 3(a) and 
3(b) respectively in which the small differences in the 
lattice parameters between CuzO and CusO have been 
neglected. In Figs. 2(c) and 3(c), the circles represent 
the electron diffraction spots of CusO, while the black 
dots represent those of Cu~O. HREM images of CuzO 
with a direct magnification of about 106 are shown 
in Figs. 4 and 5, the corresponding electron diffraction 

P 

(a) (b) 

Fig. 1. (a) Electron micrograph of a thin CuzO crystal formed at 
the edge of a copper powder stored at room temperature in 
contact with air for more than 20 years. (b) Electron micrograph 
of a CuzO crystal formed by heating copper powder in air. 

pattern is Fig. 3(a). In Fig. 4 a number of regions 
marked A to C show different image contrasts. In 
Fig. 5(a), the image is simple and the spacing between 
the bright spots is quite large, while in (b) the image 
is complex and the spacing smaller. However, both 
images are from the same crystallite. 

3. Crystal structure 

From the similarity with the results obtained in the 
previous investigations (Guan, Hashimoto & 
Yoshida, 1984; Guan, Hashimoto & Kuo, 1984), it 
can be assumed that CuzO grows epitaxially on the 
surface of copper crystals. Furthermore, it can be 
supposed that O atoms, appearing as bright spots in 
the structure images, are situated in the distorted 
tetrahedra comprising Cu atoms. 

By comparing the electron diffraction patterns of 
CusO with those of CuzO, shown in Figs. 2(a,b) and 
3(a,b), it is clear that all the diffraction spots of CusO 
are present in Cu,O,  but the latter has more spots 
than the former and the basic period of CuzO is about 
twice as large as that of CusO. However, it can be 
seen in Fig. 6 that the diffraction spots of pure copper 
do not match exactly with those of Cu~O and this 
mismatch is measured from the diffraction pattern as 
13% in the [001] direction of copper. In a schematic 
drawing of superposition of diffraction patterns of 
copper and Cu~O in the [001] orientation shown in 
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Fig. 2. (a) Electron diffraction pattern of the crystal shown in Fig. l(b). (b) Electron diffraction patterns of CusO [010]. (c) Superposed 
diagram of (a) and (b). 

0 

b ~ .  c 
O O O O O • • • • • • • • • 

O O O O O • • • • • • • • 0 

0 0 0 0 0 • • • • • • • • • 

0 0 • 0 m,- = j ~  0 "  • • • • • • • • 

0 0 0 0 0 • • • • • • • • • 

0 0 0 0 0 • • • • • • • • • 

0 0 0 0 0 • • • • • • • • • 

cusozool j  

Fig. 3. (a) Electron diffraction pattern of the crystal shown in Fig. l(a). (b) Schematic diagram of electron diffraction pattern of CusO 
[001 ]. (c) Superposed diagram of (a) and (b). 
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Figs. 7(a) and 7(b) respectively, one can see that the 
reciprocal basic vectors a* and b* of  copper are 
rotated by 45 ° with respect to those of  CuzO. The 
large black dots A, B and C in this figure represent 
the diffraction spots 200, 020 and 220 of  pure copper, 

respectively, while the small ones A', B' and C' are 
the nearest spots from those of  CuzO. It is clear that 
the lattice of  matrix copper is distorted by the 
inclusion of  interstitial atoms and the angle between 
the lattice a and b of  the unit cell of  copper in the 
CuzO crystal is about 85 °. 

Based on such a comparison of the electron diffrac- 
tion patterns between Cu~O and CusO, a two- 
dimensional structure model  of  CuzO in the [010] 
orientation can be obtained by removing every second 
array of  O atoms in the model  of  CusO as shown in 
Fig. 8. In this model,  the black spots represent Cu 
atoms• But as shown in Fig. 6(b) the c axis of  the Cu 
unit cell in Cu~O is larger than that of  pure copper 
by about 13%. 

Similarly, another two-dimensional structure 
model of  Cu~O in the [001] orientation was also 
obtained as shown in Fig. 9. The unit cell of  copper 
matrix Cu is outlined by thin lines in the same figure. 

Fig. 4 A highly magnified image of the CuzO crystal shown in Fig. 
l(a).  Direct magnification is 8 x 105 times. Areas marked by A, 
B and C are discussed in Figs. 5 and 17. 
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Fig. 5. (a) The magnified image taken from the encircled area A 
of Fig. 4. (b) The magnified image taken from the encircled area 
B of Fig. 4. 
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Fig. 6. (a) Electron diffraction pattern of copper in [110] orienta- 
tion. (b) Superposed diagram of the electron diffraction patterns 
shown in Figs. 2(a) (O) and 6(a) (0) .  
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Fig. 7. (a) Electron diffraction pattern of copper in [001] orienta- 

tion. (b) Superposed diagram of the electron diffraction patterns 
shown in Figs. 3(a) (O) and 7(a) (O). 
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But as s h o w n  in Fig. 7(b)  the  basic  vectors  a and  h 
o f  the  un i t  cell  o f  c o p p e r  are not  exact ly  p e r p e n d i c u l a r  
to each  o ther ,  bu t  have  an  angle  o f  85 ° be tween  them.  
Based on  these  t w o - d i m e n s i o n a l  s t ructure  mode ls ,  a 
t h r e e - d i m e n s i o n a l  s t ruc ture  mode l  o f  Cu~O was con-  
s t ructed as s h o w n  in Fig. 10. This  is base -cen te red  
o r t h o r h o m b i c  wi th  a = 9 . 7 4 ,  b = 1 0 . 5 8  and  c =  c~ 
16.20/~  a n d  be longs  to the  space  g roup  Bmm2. The  cu 

Cu 
a tom pos i t ions  are g iven in Table  1 wi th  the coord in -  Ca 
ate changes  o f  abc (Amm2)  in to  ba~ (Bmm2) ( H a h n ,  c~ 
1983). F r o m  this,  it is c lear  tha t  the s t ruc ture  is an  Ca 
inters t i t ia l  o rde r ed  sol id  so lu t ion  o f  O in Cu.  cu 

The  s t ruc tura l  r e l a t ionsh ip  be tween  CuzO and  Cu c~ 
Cu 

is s h o w n  in Fig. 10 wi th  the  or ig in  of  the coo rd ina t e s  c. 
chosen  at the  pos i t i on  o f  an  O atom.  The  un i t  cell o f  c, 
Cu~O is ou t l i ned  by th ick  l ines and  tha t  o f  c o p p e r  c~ 

Cu by th in  lines.  Ev iden t ly ,  each  uni t  cell o f  CuzO con-  
Cu 

ta ins  32 un i t  cells o f  Cu and  the rat io o f  O to Cu is c~ 
1:64.  The re fo re  its chemica l  f o rmu la  can  be desig- c, 
na t ed  as Cu640.  Cu 

To conf i rm the  s t ructure  mode l ,  four  e lec t ron  Ca 
d i f f rac t ion  pa t t e rns  f rom this  c o m p o u n d  are i ndexed  Ca 

Cu 
on  the basis  o f  C u 6 4 0  a s  shown  in Fig. 11. The  cu 
rec iproca l - la t t i ce  vec tor  g a n d  the angles  o b t a i n e d  cu 
f rom the obse rved  d i f f rac t ion  pa t te rns  are s h o w n  in cu 

Cu Table  2 for  fou r  different  o r i en ta t ions  and  are com- 
Cu 

pa red  wi th  the  ca lcu la ted  ones.  It  is seen tha t  the  cu 
ca lcu la ted  va lues  f rom the  mode l  agree very  well  wi th  cu 
the  expe r imen ta l l y  obse rved  ones,  showing  tha t  the  c~ 
p r o p o s e d  m o d e l  is correct ,  o 

Tab le  1. Atomic positions o f  Cu and 0 atoms in the 
unit cell o f  Cu640; space group Bmm2 

Element 

Multiplicity, 
Wyckott Coordinates of 

letter equivalent positions x, y, z 
(o,o,o;',o,~)+ 

8f, x, y, ~; ~, ~, ~; ~ y, £: x, 27, ~ x=~,y=~,z =3 
8f2 x, y, e; e, y, e; ~ y, e; x, ~, e x=~,y=~,z=~ 
8f  3 x, y, e: e, J~, e; ~ y, ;~; x, fi, e x=~,y=~,z -11 - I S  

. . . . . .  1 _ 2  _15 8f4 X,y,z;z,y,z;x,y,z;x,.~,f x=~,y--~,z--is 
8fs X,y,~;z.y.~;~y,~;x,p,~ x=-~,y - I  z -13  - ~ ,  - I S  

. . . . . .  2 1 8f6 x,y,z;z,y,z;x,y,z;x,p,£ x = ~ , y = ~ , z  = 9  

8f7 x,y,e;~y-,e;~.,y,~:x,p,e x=~,y=~,z= 5 
8f8 x, y, z; z, y, e; y., y, e; x, p, ;~ x=~,y=~,z=~6 
8f  9 x, .v, e; e, p, e; ~ y, e; x, p, e x = 2 , y = ~ ,  2 -13 -Tg 
8flo x, y, e; ~, p, e; ~, y, e; x, p, e x=-~,y=~, z = 9 
8f, x, y, e; e, p, e; ~ y, e: x, y, e ~=~,y=~,~=~ 
8f1~ x, y, e: e, p, e; ~ y, e; x, p, e x=-~,y=~, ~=& 
4e I x, ~-, e; ~-',, e ~=~, z=,~ 
4e 2 x, t, e; ~ / ,  e x =  1 , z=~6 

4e 3 x,-~, e; Y., ~, e x=-~, z - ' 1  --IS 
4e a x, ~-, e; ~ ~, e x=~ ,  2 ' - 1 5  

4,/1 x, 0,~;~0,~ x=-~, z=~ 
4d2 x, 0, e ; ~ 0 , ~  x=-~, z = ~  

4d 3 x, 0, ~; ~ 0, ~ x-~,-  I z - i s -  In 

4d 4 x, 0, ~; ~,,0, ~ x=~ ,  z - i s  _ 1 ~  

4c 1 0, y, ;~; 0, .fi, 2 y=~,z=~ 
4c 2 0, y, ~'; 0, .17, £ y=~,z=~ 

_1 _ 9  4c 3 0, y, ~; 0,)7, ~ ~ - ~ ,  z - I S  
_1 _13 4C 4 0, y, Z;0, j7 E y - ~ ,  7. - I S  

4q 0,y, ~;0,~, ~ y=~,z=~ 
4c 6 0, y, £; 0, 9, ~ y=~,z=~ 
4c 7 O, y, 3; O, ?, e y=~,z =9 

_3 -_13 
4 c  s 0, y, ~; 0, .fi, ~ y - ~ ,  z - i s  

2a 0, 0, £ z = 0 

~ ° o ° ( ~ ° o ° (  ~ 

e ° ~ °  e ° ~  ° ° 
t • • • 
~ o  ot.,)o • 

,r.9. 
O • • • 

t • • • 

~ 0  

Fig. 8. Projection of Cu (O) and O (©) atoms of the structure 
model of Cu640 in [010] and Cu80 in [010]. The unit cell of 
Cu640 is outlined by thick lines. 
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Fig. 9. Projection of Cu (O) and O (©) atoms of the structure 
model of Cu640 in [001]. The unit cell of Cu640 is outlined by 
thick lines and that of Cu by thin lines. 

4. High-resolution electron microscopy and 
simulated images 

In o rder  to conf i rm the  crystal  s t ructure  o f  C u 6 4 0  , a 

c o m p a r i s o n  has been  m a d e  for the  observed  images  
wi th  s imu la t ed  ones  ca lcu la ted  on  the basis  o f  the 
d y n a m i c a l  t heo ry  o f  e lec t ron  di f f ract ion and  image  
fo rma t ion  theory .  

Fig. 12 shows the change  o f  the ampl i tudes  o f  the 
ma in  di f f racted waves o f  C u 6 4 0  in the [001] or ien ta-  
t ion  wi th  spec imen  th ickness .  It can be seen tha t  the 
ampl i t udes  o f  the  dif f racted wave 01 and  20 (rep- 
resent ing,  for  brevi ty ,  ref lect ions 010 and  200) which  

c¢ 
k / "  b,/ I / ~l,. , 

, I t ~ . , , ~  

Fig. 10. Orientation relationship between the unit cells of Cu~O 
(thick iines) and Cu (thin lines). ©: O atom. 
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Table 2. Analysis of  the electron diffraction patterns shown in Fig. 11 with reference to the 

No. UVW 
1 010 
2 001 
3 210 
4 205 

Cu640 crystal structure 

g2( h2k212) / gt ( ht kt lt ) O(gt, g2) dr(l/g1) 
h t k t ! t h2 k2/2 Calc. Obs. Calc. Obs. Calc. Obs. 
10i i0i 1-00 1.0 118.0 119.0 8.40 8.6 
010 200 2.16 2"1 90"0 90.0 10.52 10"5 
002 121 1.82 1"8 74.1 73.0 8"13 8.1 
010 604 6.97 6-9 90"0 90.0 10.52 10.4 

reflect the periodicity of the O atoms, are rather weak 
and their amplitudes increase very slowly with 
increasing specimen thickness, in contrast to the cor- 
responding reflections in Cu40 (Guan, Hashimoto & 
Yoshida, 1984) and CusO (Guan, Hashimoto & Kuo, 
1984). This is probably due to the very low oxygen 
content in Cu~40. Therefore, the intensity of the 

I -  

diffracted waves contributed by O atoms in Cu640 is 
very weak and hence only Cu atoms appear in the 
image at the weak phase object condition, as shown 
in 'Fig. 13(a). At a thickness of about 260 A, the 
amplitudes of  the diffracted waves 80 and 08 which 
reflect the arrangement of  Cu atoms become a 
minimum, while the amplitude of the wave 01 is larger 
than those of  44 and 08 to make only O atoms appear 
in Fig. 13(b). In Fig. t3(c) ,  a clear O-atom image and 
very faint Cu-atom images appear because the wave 
01 is still quite strong. The faint contrast near the 
images of  the O atom will be discussed later. The 
image shown in Fig. 5(a)  was obtained at a thickness 
corresponding to Fig. 13(b) and thus only O atoms 
are imaged. Fig. 14 shows a comparison of the mag- 

elll=l='• , • . • • 
• • • • • • • 0 / 

! • • • b • • • ) 

• . • . ) . . . .  ( ) .  

_ _  • " ai-  - --_--=. @ -_== 
Fig. 11. Electron diffraction patterns of Cu~40 in four different 

orientations. Indices are based on the orthorhombic unit cell 
shown in Fig. 10. 

0.4 

"7' 

0.2 

1 

I , o o  t ~ o o  5 o o  7 0 0  A 
a b c 

thickness Fig. 13. Calculated images ( A f =  C, =0)  for thicknesses of (a) 
Fig. 12. Thickness dependence of the amplitudes of  the diffracted 49 ,~, (b) 260 A and (c) 665 ~ which correspond to a, b and c 

waves normalized to the incident wave from several atomic respectively in Fig. 12. The uppermost is a model. The excited 
planes of  the Cu640 structure in the [001 ] orientation. For brevity, and contributed waves to the image intensity are within the range 
010, 200, etc. are expressed as 01, 20, etc. of 1.5/~-t .  
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nified image of Fig. 5(a)  and simulated images with 
the structure model at a thickness of 260/~. It can be 
seen that the observed bright spots correspond to the 
positions of O atoms only at the thickness shown by 
b in Fig. 12. 

Although the amplitudes of the diffracted waves of 
08 and 44, which reflect the arrangement of  Cu atoms, 
are very strong at most of the thicknesses as shown 
in Fig. 12, the images of the Cu atoms have not been 
observed up to now because the spacing of  the Cu 
atoms in the suboxides is too small to be resolved 
(dos = 1.2, d44 = 1.7 A). At a thickness of about 665 ,~, 
the intensities of  01, 20 and 23 are higher than those 
of 44 and 08, those of 01 and 20 being nearly equal 
to 44, as indicated by the arrow c in Fig. 12. This 
suggests that images relating ~ such lattice planes 
should be observed at such a thickness. Fig. 5(b) as 
well as its magnified image in Fig. 15 (top) is probably 
such an example. In this figure a series of bright bands 
with the same periodicity as that of O shown in Fig. 
14 can be observed. Between them there are a number  
of bright spots which do not exactly reflect the Cu- 
atom positions of Cu640 at a thickness of 665 A, as 
confirmed by the image simulation (Fig. 15, bottom). 
The agreement between the observed and simulated 
images is quite good. Fig. 16 is a schematic diagram 
of the suggested model for the interpretation of Fig. 
15. According to the amplitude-thickness diagram 
(Fig. 12) and the simulation results, it is suggested 
that the diffracted waves 01, 20 and 23 constitute the 
23 lattice image shown by the dotted lines in Fig. 16. 
Fig. 13(c) is the intensity distribution at the bottom 
surface of  the crystal but shows the main features 
such as the br ight-dark bands. Fig. 17 gives an image 
of region C in Fig. 4 with the corresponding simulated 

• Q • Q • , 

• • • • • q 

qJ, • • • • q 

• D D • • q 

• • • • • 4 
• • • • • ! 

• • • • ILjqpn~qFiJ 

image obtained at the thickness of 670/~. The good 
agreement between the observed and calculated 
images indicates that the proposed structure model 
of Cu640 is correct. 

5.  D i s c u s s i o n  

The present investigation has confirmed the existence 
of a Cu~O phase at the very early stage of oxidation 
of copper. The distribution of O atoms in Cu640 
clearly indicates that they have a tendency to order 
themselves in the metal lattice forming a regular stable 
structure, by occupying specific tetrahedral interstitial 
sites. 

Although the conditions for the growth of Cu640 
are very similar to those of CusO, the chances of 
finding Cu640 during electron-microscope observa- 
tion are much less than that of CusO. The lattice 
parameters a, b and c of Cu640 are about 1-8 times, 

) , : .- .  

7-:.:. 

) ' :"  . ' .  "9"." ." . .c.  
• . . . • • . . 

i " ~ .~ .~-¢  

Fig. 14. The calculated image and the structure model of Cu640 
with the projection of Cu and O atoms on (001) are shown 
together with the observed image. Parameters used for the calcu- 
lation are t = 130, 260, 395, 520 ,~,, C, = 1-2 mm, Af=300,~, 
where t is the thickness. 

Fig. 15. Comparison between the observed (top) and the simulated 
(bottom) images. Parameters used for the calculation are t = 
665 A, Cs = 1.2 mm, Af=-300 A. The projection of the Laue 
point to (110) is given by 0"7g]oo, 0"3gol0 (deviated from the 
Bragg condition). 

dora 

L~.s ~ ~ . ~  i :Z . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .",~ ~: 

Fig. 16. A schematic diagram for the interpretation of Fig. 15. The 
dashed lines represent the 23 lattice planes. 
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instead of two times, larger than those of CusO, which 
indicates that the expansion of the Cu640 lattice due 
to the interstitial O atoms in the Cu lattice is less than 
that in CusO. It is possible that such a strain may 
cause distortions of the substrate metal and if the 
strain is large enough it will result in a separation of 
the 'oxidized' part from the matrix and produce a 

large number of very small and thin slightly 'oxidized' 
crystallites. This may be one of the reasons why CusO 
can be more easily found than Cu640 during observa- 
tion in the electron microscope. It may be noted that, 
for the suboxides with very low oxygen content, the 
structure images cannot be obtained from a very thin 
crystal, i.e. the weak phase object condition, but can 
be obtained from a thicker specimen in the dynamic 
scattering object condition. On increasing the thick- 
ness of the crystal to more than a certain critical 
thickness, the contrast of the images of the heavy 
atoms decreases and that of the light atoms increases. 
Thus at some optimum thickness of the crystal, the 
images of the light atoms can be observed as well as 
those of the heavy atoms. Thus the dynamical scatter- 
ing of electron waves can be used effectively for the 
structure analysis of the crystals containing light 
atoms. 

: _ _ _ _  = L _  - ~  
--= ~" 2- __ . . . . . . . . . . . . . . . . .  ~ . . . . .  - - - : ~  

~ £ ..... . 
- . _ ' .  , , -  i .,~ - - "  " - -  . . . . .  - . . . .  '' - -  M:  ' ,,L,--=- :~ . - ___~_ I ~  :----~--- 

Fig. 17. Comparison of the observed and calculated images of 
Cu640. The magnified images on the top, taken from the 
encircled area C in Fig. 4, match the calculated ones (bottom) 
obtained with the value of defocus of A f =  -500 A and thickness 
of t = 670-- 700 A. 
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Abstract 
The fluorite-related crystal structure of Bi3ReO8 has 
been solved by a combination of X-ray and neutron 
diffraction techniques. The lattice is cubic, a = 
11.590(1) A, space group P213, Z = 8 .  The final R 
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factors from the neutron powder study were R~ = 
5.3%, Re = 10.4%. The principal deviation from the 
ideal fluorite structure is found in the ReO4 
tetrahedra, which are rotated 40* about the ( l i d  
direction in order to accommodate the stereoehemical 
activity of the Bi lone pairs. The relationship of the 
structure to those of the related rare-earth com- 
pounds, Ln3ReOs, is discussed. 
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