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Electron Microscopy Study of the Structure of Metastable Oxides Formed in the
Initial Stage of Copper Oxidation. V. Cu,0q.75s*
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Abstract

Besides Cu,0, Cu,0-S; and Cu,0-S, reported pre-
viously, three allotropes of a new metastable oxide of
copper, a-Cu,Oq.75, B-CuyOy.75 and y-Cus0g.75, have
been observed by high-resolution electron micro-
scopy in an early stage of the oxidation of copper.

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

0108-7681/90/020103-09303.00

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 Cu,O
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-, B- and y-Cu,QOq.75 are due to the distri-
bution of O atoms.
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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 3 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] CusO were obtained. Thus the positions of the
O atoms in the projection along [100] CusO 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 4,, 4, 0r A4, and those with 3 height can be
in positions B,, B, or B3, and B;, B; or Bi. 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. O atoms with 0 height are
in the base center and those with 3 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] Cu,O as reported earlier (Guan,
Hashimoto & Yoshida, 1984). Figs. 9(b) and 9(c)
show simulated images of a-Cu,Oq.7s with two dif-
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Fig. 7. Projections of the structure of Cu,O along (a) [100] and (6)
the [001] directions. The small square in (a) indicates the
projection of the unit cell of Cu,0. 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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ferent thicknesses, and in the same [001] orientation
as the image of Cu,O. In the present calculation,
partial coherence of the illuminating electron beam
has been taken into account, ie. the following
parameters have been adopted: C,=0-7mm, C.=
Il mm, Ae =3 x 107 % rad, 4= 15 nm, 4f= 200 nm,
E=100kV. The image contrast does not change
until Af becomes 230 nm, i.e. 4f=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 = 26/A = 5nm~'. 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 3, 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. 8. Projections of the structure of a-Cu,Oqs 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,, A,, As, By, B,, B,, B, B;, Bj: see text.
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the structure of CuO in Fig. 7(4) and that of
a-Cu,0y.55 in Fig. 8(b) that the crystal planes (140)
and (200) in @-Cu40y.75 correspond to those of (120)
and (200) in Cu,O, which consist of Cu atoms, and
the crystal plane of (120) in @-Cu,0y.5 corresponds
to that of (110) in Cu,O, 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-Cu,Oy.7s,
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.
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Similar arguments (based on Fig. 14 and the models
shown in Figs. 10 and 12 respectively) hold for the
structures of B- and y-Cu4Oy.7s.

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 [Bag.gy7(Tis.827V2204Crg.053)-
Oy6), 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 @ = 10-2 and ¢ =
2:96A and possible space groups /4, 14 and I4/m.
The modulated wave spreading along the ¢ 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-

0108-7681/90/020111-07%03.00

tion. The effect of electron-beam irradiation on the
structure of ankangite is reported.

1. Introduction

Ankangite [Bag.g:7(Ti5.427V2204Cro.053)016] 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 ¢
axis (Bystrom & Bystrom, 1950). In the structure of
hollandite MO, octahedra (where M represents Mn
and its substitutes) share edges along the ¢ axis,
forming strings which are linked by corner-sharing
and edge-sharing to form tetragonal channels with
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