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six corners formed by the terminal O(1) atoms shows 
that one of the four unique Ca-O bonds can be 
characterized as preferrred, as was the case for LiBO2. 
The ranking of the Ca-O bonds according to bond 
strength and the geometry of the polyhedron corre- 
spond to chemical intuition. Thus, the experimental 
electron density distribution allows the formation of 
the crystal to be rationalized in terms of moieties 
[O(2)BO(1)]-Ca2+[O(1)BO(2)] -, which are joined 
via the free sp 2 hybrid orbitals of the B atoms in a 
three-dimensional framework. This picture is 
analogous to the binding model in LiBO2. 

Support of this work by the Deutsche Forschungs- 
gemeinschaft is gratefully acknowledged. 

References 
BECKER, P. & COPPENS, P. (1974). Acta Cryst. A30, 129-147, 

148-153. 
BEHM, K. (1976). Dissertation, Univ. Freiburg, Federal Republic 

of Germany. 
CLEMENTI, E. • ROE'r'rl, C. (1974). Atomic Data and Nuclear 

Data Tables, Vol. 14, No. 3-4. New York: Academic Press. 
COPPENS, P. & LEHMANN, M. S. (1976). Acta Cryst. B32, 1777- 

1784. 
CROMER, D. T. & LIBERMAN, D. J. (1970). Chem. Phys. 53, 

1891-1898. 

EFFENBERGER, H., KIRFEL, A. & WILL, G. (1983). Tschermaks 
Mineral. Petrogr. Mitt. 31, 151-164. 

HAMILTON, W. C. (1965). Acta Cryst. 18, 502-510. 
HEHRE, W. J., DITCHFIELD, R., STEWART, R. F. & POPLE, J. A. 

(1970). J. Chem. Phys. 521, 2769-2773. 
International Tables for X-ray Crystallography (1974). Vol. IV. 

Birmingham: Kynoch Press. (Present distributor D. Reidel, 
Dordrecht.) 

KIRFEL, A., GUPTA, A. & WILL, G. (1979). Acta Cryst. B35, 
2291-2300. 

KIRFEL, A. & WILL, G. (1980). Acta Cryst. B36, 2881-2890. 
KIRFEL, A. & WILL, G. (1981). Acta Cryst. B37, 525-532. 
KIRFEL, A., WILL, G. & STEWART, R. F. (1983). Acta Cryst. B39, 

175-185. 
MAREZIO, M., PLETTINGER, H. m. & ZACHARIASEN, W. H. 

(1963). Acta Cryst. 16, 390-392. 
PAULING, L. (1948). The Nature of the Chemical Bond. Ithaca, 

New York: Cornell Univ. Press. 
SASAKI, S., FUJINO, K., TAKEUCHI, Y. & SADANAGA, R. (1980). 

Acta Cryst. A36, 904-915. 
SHANNON, R. D. (1976). Acta Cryst. A32, 751-767. 
STEVENS, M. D. & COPPENS, P. (1976). Acta Cryst. A32, 915-917. 
STEWART, R. F. (1976). Acta Cryst. A32, 565-574. 
STEWART, R. F. (1979). Chem. Phys. Lett. 65, 335-342. 
STEWART, R. F. & SPACKMAN, M. A. (1981). VALRAY Users 

Manual. Preliminary Draft. Department of Chemistry, Carnegie- 
Mellon Univ., Pittsburgh, PA 15213. 

WAL, R. J. VAN DER, VOS, A. & KIRFEL, A. (1987). Acta Cryst. 
B43, 132-143. 

ZACHARIASEN, W. H. (1963). Acta Cryst. 16,385-389. 
ZACHARIASEN, W. H. & ZIEGLER, G. E. (1932). Z. Kristallogr. 

83, 354-356. 

Acta Cryst. (1987). B43, 343-346 

Electron-Microscopic Study of the Structure of Metastable Oxides Formed in the Initial 
Stage of Copper Oxidation. IV. Cu40-S1 and C u 4 0 - S  2 

BY R. GUAN 

Laboratory o f  Atomic Imaging of  Solids, Institute o f  Metal Research, Academia Sinica, Shenyang, 
People's Republic o f  China 

H. HASHIMOTO 

Department o f  Applied Physics, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565, Japan 

K. H. Kuo 

Laboratory of  Atomic Imaging of  Solids, Institute o f  Metal Research, Academia Sinica, Shenyang, 
People's Republic o f  China 

AND T. YOSHIDA 

Department o f  Applied Physics, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565, Japan 

(Received 9 December 1986; accepted 10 March 1987) 

Abstract 

Besides Cu40, Cu80 and Cu640 reported previously, 
two superstructures of the metastable copper oxides 
Cu40, called Cu40-S1 and CuaO-S2, have been 
observed by high-resolution electron microscopy in 
an early stage of oxidation of Cu together with Cu40. 

The atom positions of Cu and O have been deter- 
mined by comparison of the observed structure 
images with simulated ones calculated using the 
theories of electron diffraction and image formation. 
Some O atoms in the superstructures occupy octahe- 
dral positions of the face-centered cubic lattice of 
Cu, while the others remain in tetrahedral positions 
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as in Cu40. Possible interpretations for the occu- 
pation of the octahedral positions by O atoms are 
presented. 

1. Introduction 

A series of metastable oxides, i.e. Cu40 (Guan, Hash- 
imoto & Yoshida, 1984), CusO (Guan, Hashimoto & 
Kuo, 1984) and Cu640 (Guan, Hashimoto & Kuo, 
1985), which contain much less oxygen than the well 
known Cu20, were found by high-resolution electron 
microscopy (H RE M) during the initial stage of oxida- 
tion of copper. In these suboxides, the O atoms 
occupy tetrahedral positions of the face-centered 
cubic (f.c.c.) lattice of copper rather than octahedral 
ones, although the latter has a much larger space for 
interstitial O atoms than the former. In the present 
paper, two superstructures with the same chemical 
composition as Cu40 but with different structures are 
reported. The positions of O atoms in the superstruc- 
tures located in the tetrahedral and octahedral sites 
of the Cu lattice have been determined using electron- 
microscope images. The reasons for the occupation 
by the O atoms of the octahedral positions are dis- 
cussed. 

2. Details of observation of superstructure 

The observation of superstructures of metastable cop- 
per oxides Cu40 has been reported (Guan, Hash- 
imoto & Yoshida, 1984). Fig. 1 shows the HREM 
image reproduced from Fig. 2(a) of a previous paper 
(Guan, Hashimoto & Yoshida, 1984) and the corre- 
sponding electron diffraction pattern. The upper part 
of the micrograph (A) shows the suboxides with (001) 
orientation of Cu40, and the lower part (B) those 
with (100) orientation. The dotted line between them 
represents a boundary. It was confirmed in a previous 
paper (Guan, Hashimoto & Yoshida, 1984) that 

Fig. 1. High-resolution electron-microscope image of the meta- 
stable copper oxides of Cu40, containing superstructure of 
Cu,O-SI, Cu40-$2. 

regions E and D located in part A and part B, 
respectively, represent the same suboxide Cu40 but 
with different orientations. Moreover, some super- 
structure images can clearly be seen in the middle of 
Fig. 1, which are indicated by $1 and $2. 

Firstly, it was confirmed by optical selected-area 
diffraction patterns that the images of the superstruc- 
tures shown in the regions $1 and $2 do not originate 
from the superposition of the grains A and B. It is 
clearly seen that there is no obvious boundary 
between the regions S~, $2 and D, so it is reasonable 
to expect that all the regions $1, $2 and D have the 
same (100) orientation. Moreover, since it was 
confirmed in the previous paper that the O atoms in 
the perfect region of Cu40 appear as bright spots in 
the structure images, the O atoms in these superstruc- 
tures will appear as bright spots. The reason for this 
point has been discussed in more detail in our recently 
published paper (Guan, Hashimoto & Kuo, 1986). It 
can be seen that the period of the regions $1 and $2 
is three times that of the region D in the [011] direc- 
tion, while the .period still remains the same as that 
of D in the [011] direction. It is noted that such a 
threefold increase of the period in regions S~ and $2 
corresponds to the extra diffraction spots of ~g 
(001)cu. 

3. Crystal structure 

It is known that the O atoms in Cu20 occupy two 
tetrahedral sites, while those in Cu40 occupy only 
one tetrahedral site in each unit cell of copper. The 
shift of the bright spots and the change of their 
contrast in the images of the superstructures are prob- 
ably due to the redistribution of O atoms among these 
tetrahedral and octahedral sites. Of the possible 
models, the two shown in Figs. 2(a) and (b) are in 
good agreement with the observations. In these 
models, the black dots represent the Cu atoms, while 
the open circles labeled 4 and 8 represent the O atoms 
located at the tetrahedral and octahedral sites respec- 
tively. It can be seen that the unit cells of both S~ 
and $2 contain 12 Cu and 3 0  atoms within three unit 

*Cu 

[0011co 
[001]cu,o 

~ [011]cu4o 

Cu40-S, Cu40-$2 

Fig. 2. Perspectives of the unit cell of Cu40-St and Cu40-$2. 
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cells of Cu. In model S~, one of the three O atoms 
is located at the tetrahedral site, while the other two 
are at the octahedral site. In model $2, however, two 
of the three O atoms are located at the tetrahedral 
site and only one at the octahedral one. These two 
models have the same chemical composition as Cu40, 
and are represented by Cu40-S~ and Cu40-$2, respec- 
tively. 

4. Comparison of the observed images with 
the calculated contrast I r j  J ~ , .: , , 

B o a ,  

; ¢/'o- 

Both structure models give the observed electron 
diffraction patterns schematically shown in Fig. 3. 
Figs. 4(a) and (b) respectively show the observed 

[011 ]cu,o 

i ° ° 1 / 1 2 .  3/~ • " 

w i " [°hlc"'° 

Fig. 3. Calculated electron diffraction patterns of Cu40-S. 
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Fig. 4. Comparison of Cu40-S~ atomic structure image and its 
calculated contrast. (a) Observed image. (b) Calculated image. 
(c) Schematic illustration of the calculated image. (d) Projection 
of atoms in Cu40-SI in Cu[010] orientation. Small spots and 
large open circles represent Cu and O atoms, respectively. 

and calculated image of Cu40-S~. Fig. 4(c) is a sche- 
matic illustration of the calculated image and Fig. 
4(d) is the projection of atotns of Cu40-S] on [010]c..  
From Fig. 4, it can be seen that the observed image 
agrees rather well with the calculated one and the 
bright spots in the images correspond to the positions 
of O atoms. However, by a careful comparison of 
Figs. 4(a), (b) and (c) with Fig. 4(d), it can be seen 

(a) 

(b) 

(c) 

Fig. 5. Comparison between Cu40-$2 atomic structure image and 
its calculated contrast. (a) Observed image. (b) Calculated 
image. (c) Projection of Cu40-$2 model in Cu[010] orientation. 
Small spots and large open circles represent Cu and O atoms. 
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that the bright spots in the image do not correspond 
exactly to the positions of O atoms in the crystal. A 
similar shift of bright-spot images has already been 
observed in GaAs and AuA1 (Hashimoto, Endoh, 
Takai, Tomita & Yokota, 1978-79) and in Si (Izui, 
Furuno & Otsu, 1977) and attributed to dynamic 
scattering of electrons in crystals and image formation 
with a limited number of waves (Krivanek & Rez, 
1980). Similar comparisons and conclusions can also 
be made in the case of Cu40-$2 as shown in Figs. 
5(a)-(c). From these observations, it can be con- 
cluded that the suggested models are correct. 

5. Discussion and concluding remarks 

Two superstructures with the same chemical composi- 
tion as Cu40, called Cu40-S~ and Cu40-$2, have 
been observed by HREM. In contrast to the structure 
of Cu40, a fraction of the O atoms in both Cu40-S~ 
and Cu40-$2 occupies the octahedral positions of the 
f.c.c, lattice of Cu. Since the space of the octahedra 
is larger than that of tetrahedra, it is possible that 
during the initial oxidation of Cu the O atoms may 
prefer to occupy first the octahedral sites then go to 
the tetrahedral sites to reduce the elastic interaction 
energy, until a uniform and perhaps more stable 
suboxide CuaO is formed. A similar phenomenon has 

been observed by Holley, Mulford, Ellinger, Kochler 
& Zachariasen (1955) and Korst & Waft (1956) in 
the hydrogen absorption of rare-earth metals, where 
the H atoms first go to the octahedral site of the f.c.c. 
lattice before the tetrahedra are filled by the H atoms, 
as confirmed by neutron diffraction and the measure- 
ments of the electric resistance. The present obser- 
vation of superstructure may be explained as the 
occurrence of the same phenomenon. 
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Abstract 

The study of rutile-type structures has been under- 
taken in order to investigate the main features of the 
electron density in these compounds. The results of 
X-ray diffraction experiments carded out on VF2 have 
been published elsewhere [de Almeida & Costa 
(1985). Port. Phys. 16, 181-190]. Significant contour 
levels observed in difference Fourier maps were 
attributed to the asphericity of the 3d-electron distri- 
bution in the crystalline field of the rutile-type struc- 
ture. Attempts were made to interpret these effects 
quantitatively by carrying out: (i) a fit of the param- 
eters which represent the occupancy of each of the 
3d orbitals, based on comparison of the observed 
structure factors with those calculated from 3d wave 
functions; (ii) a multipole refinement of the param- 
eters which determine the occupation of the 3d 
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orbitals in the crystal field. Crystal data: vF2, Mr = 
88.94, tetragonal, P42/mnm, a=4.806(10),  c= 
3.237 (7)/~, V= 74.77/~3, Z = 2, Dx = 3.945 Mg m -3, 
A(Mo Ka) = 0.7017 ~ ,  A(Ag Ka) = 0.5594 ~ ,  
/z(Mo Ka) = 30.3 cm -~, g(Ag Ka) = 15.2 cm -~, 
F(000) = 82, room temperature. Final R values for 
the Mo Ka and Ag Ka data were 0.014 for 190 reflec- 
tions and 0.017 for 143 reflections, respectively. 

Introduction 

The study of rutile-type structures, MF2, where M 
is a first-series transition metal, has been undertaken 
in our laboratory. The aim of this work is a careful 
determination of the electron-density distribution 
with a degree of accuracy which would enable a 
quantitative analysis of the charge-density asphericity 
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