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peaks were recorded by collection of scattering over 
a limited solid angle and a smooth background was 
subtracted from the 'sharp' peaks. Diffuse scattering 
in the neighborhood was not investigated. 

A previous electron microscopic examination of 
InTl, which included image observations of a 
'mottled' pre-martensitic contrast but recorded a less- 
extensive survey of reciprocal space than presented 
here, was made by Lasalmonie & Costa (1979). Their 
interpretation of results, in terms of static defects, is 
completely in accord with present conclusions. 

On a lattice-dynamic model, coupling between soft 
modes with polarizations along [011] and [10i] direc- 
tions (having propagation vectors along [011] and 
[101], respectively) would lead to the observed static 
displacements in the (111) plane, parallel to [112.], 
upon freezing of these phonons. The absence of 
diffuse scattering along [100]* directions indicates 
that phonons with [110] and [110] lateral displace- 
ments are not coupled. From the analysis of Bowles, 
Barrett & Guttman (1950) it is evident that [111] is 
an invariant vector during this type of phase transi- 
tion. This is in complete agreement with observations 
and the interpretative model presented here. The 
really surprising result may be that freezing and coup- 

ling of phonon modes is so strong more than 170 K 
above the critical temperature for the martensitic 
phase transformation. 
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Abstract 

Small thin metastable copper oxide crystals with the 
chemical composition Cu80 formed on slightly oxi- 
dized thin plates and fine particles of copper have 
been studied by high-resolution electron microscopy. 
The atomic positions of Cu and O have been deter- 
mined by the analysis of electron diffraction patterns 
and comparison of the observed structure images with 

theoretical ones calculated on the basis of the dynami- 
cal theory of electron diffraction and image formation 
theory. Crystalline Cu80 is base-centered orthorhom- 
bic and belongs to the space group Bmm2 with lattice 
parameters a = 5.47, b = 6.02 and c = 9.34 ~ .  The 
unit-cell volume is approximately four times larger 
than that of Cu20. The same oxide has also been 
found in copper powder which has been stored at 
room temperature for more than 20 years. 
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1. Introduction 

In some body-centered cubic transition metals meta- 
stable phases have been reported which contain much 
lower amounts of interstitial solute atoms such as C, 
N or O than previously known phases. For example, 
FeaN has been observed by Jack (1951), Ta6aC by 
Villagrana & Thomas (1965), Nb80 by Monfort, 
Maisseu, Allais, Deschanvres & Delavignette (1973) 
and VsO and VsN by Cambini (1974). Shibahara & 
Hashimoto (1980) observed a tungsten oxide crystal 
with a lower content of O than in WO2, when WO3 
crystals were evaporated in a vacuum of 10 -4 Pa. Also, 
suboxides were known to appear in the initial stage 
of oxidation of metals. Lawless, Keneth & Bentley 
(1981) found V80 and V40 in the first stage of oxida- 
tion when single-crystal films of vanadium were oxi- 
dized in situ in an electron microscope. More recently, 
studies of oxidation of copper have shown a number 

(a) (b) 
CuO02 

i 
Cu2~O 

(c) (d) 

Fig. I. (a) Electron-microscope image of a thin crystal of CuxO 
grown at the edge of an electrolytically thinned copper film kept 
several days in air at room temperature. (b) Electron diffraction 
pattern of the crystal shown in (a). The numbering is for Table 
3. (c) Electron diffraction pattern of the copper substrate. (d) 
Superposed diagram of the electron diffraction patterns of CuxO 
(O) and copper (O). 

of adsorbed oxygen-ordered structures leading to the 
formation of Cu20 nuclei. For a summary of this 
work see Howie (1981, 1983). In part I of this series, 
Guan, Hashimoto & Yoshida (1984) found the meta- 
stable copper suboxide Cu40. In the present paper 
(part II) another metastable copper suboxide, Cu80, 
is reported. 

2. Specimen preparation and observation 

Specimens were prepared in a way similar to that 
described in part I (Guan, Hashimoto & Yoshida, 
1984). A copper sheet 70 ~,m thick (purity about 
99.99%), which was annealed at about 923 K in a 
vacuum of 2.66 Pa for 0.5 h, was electrolytically 
thinned to about 150/~ by the window method in 
nitric acid and methyl alcohol. The thin films were 
oxidized in air at room temperature and then observed 
daily for a period of two months by a JEM 100 CX 
electron microscope. After several days, a very thin 
crystal was formed at the edge of the copper film, the 
electron-microscope image and diffraction pattern of 
which are shown in Figs. l(a) and l(b). Fig l(c) is 
an electron diffraction pattern of the copper substrate. 
Fig. l(d) is a superposed diagram of Figs. l(b) and 
l(c), indicating the relation between the unknown 
crystal and copper. 

The dimensions and thickness of the crystal shown 
in Fig. 1 (a) become larger with increasing observation 
time. Fig. 2(a) shows one of the crystals which formed 
after the copper film had been left in air for two 
months. This micrograph suggests that the dimensions 
and thickness of this thin crystal become larger than 
those shown in Fig. 1 (a) by about 100 times. It renders 
the same electron diffraction pattern as that shown 
in Fig. l(b). Though nitrogen is one of the major 
constituents of air, it has a small sticking probability 
on the surface of copper, but copper combines easily 
with oxygen. It is therefore probable that the 
unknown crystal is a copper oxide. This assumption 
was confirmed by studying the electron energy loss 
spectra (EELS) of this crystal which showed clearly 
the edges of oxygen K-loss and copper L-loss. For 
simplicity, we shall refer to this phase as CuxO. 

(a) (b) (c) 
Fig. 2. Electron micrographs of (a) a thin crystal grown at the edge of a thin film of copper kept at room temperature in air for two 

months, showing the growth of the crystal (see also Fig. la)  and (b) a CuxO crystal found in pure copper powder stored at room 
temperature in contact with air for more than 20 years. (c) Electron micrograph and corresponding electron diffraction pattern of a 
CuxO crystal formed by heating copper powder in air. 
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The same phase, CuxO, has also been found in 
commercial pure copper powder which had been 
stored in the Institute of Metal Research of the 
Academia Sinica at Shenyang for more than 20 years. 
Though an X-ray analysis of the powder indicated 
neither Cu20 nor CuO and showed no change in the 
lattice parameter of copper, a larger number  of thin 
crystals with dimensions from 100/~, to 1 Ixm were 
observed under a 100 kV electron microscope. An 
example of these crystals is shown in Fig. 2(b). The 
corresponding electron diffraction pattern is identical 
to that shown in Fig. l (b)  and the EELS also showed 
peaks for oxygen and copper. A chemical analysis of 
the powder indicated that the oxygen content was 
0-23 wt% (or 1 at .%). 

Another method for obtaining this unknown CuxO 
phase is to heat pure copper  powder directly in air. 
Copper powder of about 1 i~m in size was placed 
onto a holey-carbon film supported by a copper grid, 
and heated on a ceramic plate until the color of the 
copper grid was slightly changed. After heating, the 
layer of copper powder became thinner than before 
heating, and the CuxO crystals appeared. An example 
of an electron micrograph of this material is shown 
in Fig. 2(c) together with its electron diffraction pat- 
tern. The crystals did not change in structure even 
after the specimen was left for three months in air. 

In the present work, the first method of preparing 
the crystal Cu~O was mainly used. A high-resolution 
electron-microscope image of CuxO is shown in Fig. 
3 which was obtained with a direct magnification of 
about 10 6 times. The arrangement of the bright dots 
is similar to the projected structure of a f.c.c, crystal 
in the (110) orientation with a lattice parameter  about 
twice as large as that of copper. 

3. Crystal structure 

As described in part I (Guan,  Hashimoto & Yoshida 
1984), crystals of Cu20 and Cu40 grow epitaxially 

on the surface of copper crystals, and the O atoms 
generally appear  as bright spots in the structure 
images. It is reasonable to suppose that CuxO crystals 
grow with a similar crystallographic relation to the 
copper substrate and that the images of the O atoms 
appear as bright spots in the structure image of CuxO 
in Fig. 3. By comparing the electron diffraction pat- 
terns of Cu and CuxO (see Fig. ld) ,  it is clear that 
the basic period of CuxO is about twice as large as 
that of Cu with a small expansion in the [001] direc- 
tion. Based on the analyses of the structure image of 
CuxO shown in Fig. 3 and its electron diffraction 
pattern (Fig. l b), a two-dimensional structure model 
is presented in Fig. 4. In this model, black spots 
represent Cu atoms while white circles represent O 
atoms; the unit cell is shown as thick lines. Fig. 4 is 
a projection of  the structure of CuxO along the [110] 
direction of copper. Fig. 5 shows seven electron 
diffraction patterns of CuxO in different orientations. 
On the basis of the analysis of all these electron 
diffraction patterns together with the structure images 
of CuxO, a base-centered orthorhombic unit cell with 
a = 5.47, b = 6.02 and c = 9-34/~ was obtained. 

The relationship between the unit cell of Cu~O and 
that of copper is shown in Fig. 6(a). The origin of 
the coordinates is placed at the Cu atom. Indices in 
Fig. 5 are based on this base-centered orthorhombic 
unit cell. Table 1 shows the ratio of two basic 
reciprocal-lattice vectors g~ and g2 and the angles 
which have been calculated from the proposed model 
and from the analysis of the seven electron diffraction 
patterns shown in Fig. 5. A good agreement of calcu- 
lated and observed values suggests that the proposed 
model for CuxO is correct. In the above, the origin 
of the unit cell was chosen at the Cu atom, but in 
order to show clearly the characteristics of the base- 
centered orthorhombic structure, the origin should 
preferably be chosen at the O-atom position. The unit 
cell of CuxO for this choice of origin is shown in Fig. 
6(b). The atom positions are then as shown in Table 
2 with the coordinate changes of abc(Amm2)~ 
bac(Bmm2) (Hahn, 1983). 

In this model O atoms are situated in distorted 
tetrahedra consisting of four Cu atoms; this is similar 
to the structures of CuaO and Cu20, while the 

Fig. 3 A highly magnified structure image of a CuxO crystal 
formed by 19 diffracted waves in Fig. I(d). Direct magnification 
iS l 0  6 times. C, =0.7 mm, Af=520,~ 

" . 6 . ' . 6 . ' . 6 . ' . 6 . ' .  

6 .  • 060  • 6 • • . -T .  

" 6  " 6  " 

6.' .6. ' .6. ' .6.-.6. 
Fig. 4. Projection of Cu (O) and O (©) atoms of the structure 

model of CuxO along the [110] direction of copper. The unit 
cell is outlined by thick lines. 
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Table 1. Analysis of the electron diffraction patterns shown in Fig. 5 with reference to the CusO crystal structure 

g2(h2k212)/gl(hlklll) ~ (°) 
UVW hi k~ l~ h2k212 C a l c u l a t e d  O b s e r v e d  C a l c u l a t e d  O b s e r v e d  

OlO lOT ToT 1-oo 1-oo 119-3 119.0 
_ _ _  

110 002 I I 1 1-26 1-25 66"6 67"5 
12i 10i i i I 1.27 1.27 67.4 68-0 
221 012 212 1-68 1.67 81.5 81-5 
132 IT/ 224 2.43 2-41 78.8 79.0 
213 111 331 2.78 2.90 81.7 82-0 
327 /17 012 1.00 1.07 86.3 86.0 

Table 2. Atomic coordinates of  Cu and 0 in the CusO cell (space group Bmm2) 

Wyckoff 
Element Multiplicity letter Coordinates x,y, z 

(o, o, o; ~-, o, ')+ 
Cu 4 e x, ~, ~; ~, ~, ~ x:~,z=~ 
Cu 4 d x, 0, ~; ~, 0, ~ x=~,z=~ 
Cu 4 c~ 0, y, ~; 0, y, ~ y = ~, z = 
Cu 4 c 2 0, y, ~; 0, )7, 2 y=~,z=~ 
O 2 a 0, 0, ~ z = 0 

positions of the Cu atoms in CuxO deviate from those 
in pure copper. The model gives the chemical compo- 
sition of the CuxO phase as CusO. 

f f~J .  " a'~',',',',',',',)J 

.o  
• ~-~,..~ ! 

O 
t]n~ntl 

• 

Fig. 5. E l e c t r o n  d i f f rac t ion  p a t t e r n s  o f  C u s O  fo r  s even  d i f fe ren t  
o r i en ta t ions .  I nd i ce s  are  b a s e d  o n  the  o r t h o r h o m b i c  un i t  cell 
s h o w n  in Fig.  6. 

4. Comparison of the observations with calculated data 

In order to confirm the crystal structure of CusO, the 
wavefield of electrons in the crystal, the intensities of 
the electron diffraction patterns and the intensity 
distribution of the electron waves at the bottom sur- 
face and the image plane resulting from the interfer- 
ence of the waves passing through the aperture o f  the 
objective lens have been calculated using the multi- 
slice method. 

First, the amplitudes and intensities of the diffrac- 
ted waves from various lattice planes of CusO crystals 
in the (010) symmetry orientation for various thick- 
nesses were calculated. The thickness dependence of 
the amplitudes of several main diffracted waves is 
shown in Fig. 7. Though the amplitudes of the 101, 
103 and 002 waves increase gradually with increasing 
thickness, the amplitudes of the 000, 202 and 004 
waves can be seen to oscillate with a period of about 
85 t~,. Since the 200 amplitude behaves like the 002 
and 103, it is omitted from Fig. 7 for the sake of clarity. 

The calculated intensities of six electron diffraction 
spots from CusO crystals 170-180/~ thick in the (010) 

(a) (b) 
Fig. 6. ( a )  O r i e n t a t i o n  r e l a t i o n s h i p  be tween  the un i t  cells o f  C u s O  

(thick lines) and Cu (thin and dotted lines). (b) Perspective view 
of the base-centered orthorhombic unit cell of CusO crystals. 
Circles represent O atoms. 
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symmetry orientation are shown in Table 3. The calcu- 
lated intensities agree well with the observed 
intensities of the diffraction spots shown in Fig. l(b). 

Figs. 8(a), 8(b) and 8(c) show the calculated 
intensities at the bottom surface of the crystals with 
thicknesses of 175, 120 and 85/~, respectively. It is 
seen that at a thickness of 175/~ only the images of 
O atoms appear as large bright spots in the calculated 
images and that at a thickness of 120/~ only the 
images of Cu atoms appear as bright spots, but the 
images of both O and Cu atoms appear bright for a 
thickness of 85/~. However, one ofthe pairs of bright 
spots in (a) appears at a position without any atoms. 
This effect seems to be due to the limited number of 
waves contributing to the intensity distribution. 

Since the amplitudes of the diffracted waves from 
(202) and (004), which reflect the periodicity of the 
arrangement of copper, become minima at a thickness 
of 175/~ (see Fig. 7), the images of the Cu atoms 
disappear at this thickness as shown in Fig. 8(a). On 
the other hand, these waves are very strong at a 
thickness of 120/~ and thus the image of the Cu atoms 
appears as bright spots in Fig. 8(b). At a thickness 
of 85/~, the amplitudes of the waves from (202) and 
(004) are nearly the same as those from (101), (103) 
and (002). Consequently, both Cu and O atoms 
appear as bright spots in Fig. 8(c). 

."I L/ W /v \ 
< I .-.. c b. a 

"20 t  ~ x0041 ~ " " x  I, 

I / \x .  £ ~ " ~  101 / /  
• 10 ",. " -~ ..... i " 

Thickness q A )  

Fig. 7. Thickness dependence of the amplitudes of the diffracted 
waves from several atomic planes of the CusO structure in (010) 
symmetry orientation. 

Table 3. Calculated intensity o f  electron diffraction 
spots from the Cu80 crystal in the 010 symmetry 
orientation ;for the numbering o f  the spots, see Fig. 1 ( b ) 

No. hkl 170/~ 180 A 
l 101 0-11 x 10-1 0-12 x l 0  - I  
2 002 0"60 x l0  -3 0-80 x 10 -3 

3 200 0"57 x 10 -2 0-54 × 10 -2 

4 103 0-47 x 10 -2 0.52 × 10 -2 

5 004 0"32 x I0 -2 0 .44 × 10 -2 

6 202 0"40 x 10 -3 0" 19 x 10 -2 

The calculated intensity distribution at the image 
plane and the structure model of Cu80 are shown in 
Fig. 9 as inserts in the observed image which corre- 
sponds to Fig. 5. The parameters used in this calcula- 
tion are: defocus Af=520 /~ ,  spherical-aberration 
coefficient Cs =0.7 mm and specimen thickness t = 
175/~. It is. interesting to note that the contrast of the 
calculated images does not change when the thickness 
of the specimen changes within +10/~, and the 
defocus within +80/~. A comparison of the calculated 
image with the observed one indicates that the agree- 
ment between them is fairly good and that the bright 
spots in the observed image correspond well to the 
O-atom positions. The disappearance of the addi- 
tional spot which appears in Fig. 8(a) seems to be 
an effect due to the shape of the contrast transfer 
function. 

Fig. 10(a) shows an area from the observed atomic 
images of Cu80, photographed with an estimated 
defocus of 900/~,. It shows different image contrasts 
at different regions indicated by letters a-h. The image 
of the same area taken with an estimated defocus of 
500 A is shown in Fig. 10(b), which shows a rather 
uniform contrast in the regions corresponding to the 
areas shown in Fig. 10(a). Fig. 11 shows magnified 
details of the areas marked in Fig. 10(a) together 
with the other areas of the same specimen image 

' , 'w .: .,, -r  

(a) (b) (c) 
Fig. 8. Calculated intensities at the bottom surface of the crystals 

with thicknesses of (a) 175 ,~, (b) 120/~ and (c) 85 A which 
correspond to a, b and c respectively in Fig. 7. 16 384 waves are 
excited and the 200 waves (g= I-5A -l) contributed to the 
intensity. See also Fig. l(d). 

Fig. 9. Calculated image and the structure model of CuaO with 
the projection of Cu and O atoms on (010) shown as insets in 
the observed image. Parameters used for the calculation are 
/if= 520 ,~,, Cs = 0.7 mm and thickness 170 A. 
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which are not included in Fig. 10(a), and the calcu- 
lated images obtained with different values of defocus 
and thickness for comparison. For such a comparison 
it is seen that there is a good agreement between the 
observed and the calculated image. The agreement 
suggests that the specimen has local differences in 
thickness. In fact, it can be seen in Fig. l ( a )  that the 
thickness of the specimen is not uniform. Fig. 12 is 
a schematic drawing of the cross section of such a 
thin-film specimen on the basis of the defocus values 
and crystal thicknesses shown in Fig. 11. The thick- 
ness as well as the vertical position of different regions 
of the crystal are different. Thus the image shown in 
Fig. 10(a) represents the image of the crystal with 
various thicknesses taken in different focal positions 
at the same time. In contrast, Fig. 10(b) shows a 
uniform contrast. From the calculated images, it can 
be seen that, even when the defocus changes in the 
range 500-700/~  and the thickness in the range 160- 
180/~, the image contrast does not change. Some 
examples of  calculations are shown in Fig. 13, from 
which the uniform pattern shown in Fig. 10(b) can 
be understood. From the above it can be concluded 
that the proposed structure model of CusO is correct. 

( a )  
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Fig. 11. Comparison of  the observed and calculated images o f  

C u 8 0 .  The magnified images on the left ( a ,  c, d,  e, g a n d  h ) ,  

taken from the encircled areas in Fig. 10(a), match the calculated 
ones on the right obtained with different values of  defocus and 
thickness. 

Y-T =.00  
' ~ f l  A I 2  a f 3  

Fig. 12. Schematic cross section of  a non-uniform CusO crystalline 
thin film demonstrating different defocus values in different parts 
o f  the film. A f t ,  Af2 ' Af3 indicate differences in defocus are 
obtained, when the image is taken at defocus A f  = 5 0 0  a n d  9 0 0  A ,  

in the range 7 0 0 / ~ - 1 1 0 0  A .  

( b )  
Fig. 10. (a)  Magnified image o f  C u a O  observed at a defocus o f  

9 0 0  A .  ( b )  The same area as in (a) ,  but at a defocus o f  5 0 0  A .  

(a) (b) (c) 

Fig. 13. Calculated images o f  a C u s O  crystal with thickness ( a )  
180  A ,  ( b )  174  A ,  ( c )  170  A a t  a d e f o c u s  o f ( a )  5 0 0  A ,  ( b )  6 0 0  ,~,, 

(c) 500 A. 
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(a) (b) (c) 
Fig. 14. (a) CusO crystal before irradiation and (b) after irradiation by 100 keV electrons of I A cm -2 for 20 min. (c) Electron diffraction 

pattern of (b). 

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

From the observations presented above the following 
conclusion can be drawn. Electrolytically thinned 
copper films oxidized at room temperature in air for 
several days or pure copper powder oxidized for many 
years form metastable oxide crystals, Cu80, on the 
surface. The Cu80 crystal is very stable at room 
temperature in air and can be heated in high vacuum 
(about 10 -4 Pa) without any change in structure. This 
is evident from the images of this crystalline film and 
its electron diffraction pattern. However, Cu80 can- 
not withstand irradiation by 100 keV electrons for 
longer periods of time in an electron microscope as 
shown in Fig. 14(a), (b) and (c), which shows the 
images made after 5 and 30 min of irradiation and 
the corresponding electron diffraction pattern respec- 
tively. It is seen in Fig. 14(b) that many thin circular 
regions are formed, and a diffuse electron diffraction 
ring appears in the corresponding electron diffraction 
pattern. 

Most of the oxidation reactions are diffusion- 
controlled processes involving the inward movement 
of cations. The formation of Cu80 may therefore take 
place by a process whereby O atoms enter into the 
copper interstitially. Since the diffusion at room tem- 
perature is a very slow process, Cu80 forms very 
slowly, and it is rather difficult for a crystal nucleus 
to grow into a large crystal. This point is consistent 
with the observation that the observed Cu80 crystals 
have a maximum size of several microns. It was 
observed that the formation of CusO on the surface 
of an electrolytically thinned copper film is somewhat 
easier than others. This may be due to the contamina- 
tion layer formed during specimen preparation. This 
contamination may promote the formation of CuaO 
by catalytic action. 

The unit cell of CusO contains two O and sixteen 
Cu atoms. The ratio of the number of O atoms to Cu 
atoms is one half that found in Cu40 and one quarter 
that found in Cu20. However, the formation mechan- 
ism of Cu80 crystals may be the same as in Cu40 
and Cu20, i.e. Cu80 also grows epitaxially on the 
surface of copper crystals. 
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