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Abstract

In the case of non-stoichiometric quenched wiistite
P” with the formula Fe,_,0 (z=10-096), the defect
structure is shown to consist most probably of clus-
ters composed of ten vacancies and four interstitial
Fe'! jons. These clusters are in agreement with a
long-range ordering (2-5X, 2-5X, 5X), with some
disorder in their local arrangement. The direct
imdges of the quenched phase P, previously
obtained by various authors, are reinterpreted from a
(10/4) cluster model: computer simulations have been
carried out using this new model. The simulated
images are in good agreement with the experimental
images found in the literature.

I. Introduction

In the Fe-O system, iron monoxide or wiistite
shows a particularly large deviation from stoichio-
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metry and a complex behavior under equilibrium
conditions at high temperature (Vallet & Carel,
1989). This is why many previous structural studies
(Koch & Cohen, 1969; Cheetham, Fender & Taylor,
1971; Catlow & Fender, 1975; Gavarri, Carel &
Weigel, 1979; Gavarri, Carel, Jasienska & Janowski,
1981; Gartstein, Mason & Cohen, 1986) have been
performed on this material at high temperature or
after quenching. It has been shown that the wiistites
are characterized by various types of clustering of
vacancies ((J) and interstitial Fe'"! ions occupying the
octahedral (octa) and tetrahedral (tetra) sites respec-
tively of the NaCl lattice with the general formula:

Fe,_.0 = [F&* |32 [Fe’ " 322 [Fe’ ][]+ 0"

In more recent studies (Gavarri et al., 1979, Gart-
stein et al., 1986; Gavarri & Carel, 1989; Carel &
Gavarri, 1990), the ratio R=(z+ f)/t has been
shown to be close to 2-4 =0-4 for quenched and
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high-temperature samples. Such a value suggested
the possible presence of clusters made up of ten
vacancies ((J) and four interstitial Fe''' ions with a
zinc blende type structure as described in Fig. 1(a).
However, several other interpretations are possible
because of insufficient information provided by the
powder diffraction data (Gavarri er al., 1979).

The long-range ordering of these clusters of defects
in quenched wiistites can now be reexamined taking
new experimental and theoretical work into account:
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Fig. 1. (a) The (10/4) cluster with its envelope: the Fe'"! tetrahedral
sites are represented by black circles, the octahedral vacancies
by empty squares. The cube dimension is 2a,. () [100] projec-
tion of the vacancies and envelope. (¢) [110] projection of the
vacancies and envelope: note the distribution of vacancy projec-
ted lines. (@) Stacking of clusters with their envelope. Only one
layer is represented [plane (010)]. The existence of zigzags is
determined by the NaCl type lattice and connected with thc
cluster orientation (+) or (—). The pairs of clusters are marked
with their common edges. Stacking faults can be represented.

QUENCHED WUSTITE P”

(a) Several electron diffraction patterns (Lebreton
& Hobbs, 1983) and high-resolution electron micros-
copy (HREM) images (lijima, 1974; Ishiguro &
Nagakura, 1985, 1986) have given clear evidence of
defect clustering, probably with a local tetragonal or
cubic apparent symmetry.

(b) Generally, it has been shown that the long-range
ordering is not cubic; a (2:5X, 2-5X, 5X) super-
structure has frequently been observed linked with
the presence of stacking faults for values of - close to
0-09-0-10 (Andersson & Sletnes, 1977; Ishiguro &
Nagakura, 1985, 1986).

(¢) From a recent energy model, the higher stabi-
lity of such (10/4) clusters has been justified (Gavarri &
Carel, 1989; Carel & Gavarri, 1990) and used for
interpreting the structural evolution of substituted
wiistites after Andersson, Grimes & Heuer (1984) who
have emphasized this cluster amongst several others.

() In the HREM study carried out by Ishiguro &
Nagakura (1985, 1986), the direct images of wiistite
P” were interpreted in terms of a local 5X super-
structure of small elongated clusters consisting of six
vacancies, with stacking faults and domains. On the
direct images obtained in the [001] direction, charac-
teristic rods were interpreted in terms of vertical
superimposed (6/0) or (6/2) clusters forming layers.
On the direct images obtained in the [101] direction,
alternate thombs and distorted centered rectangles
were observed. From their electron diffraction pat-
terns, these authors interpreted the reciprocal space
in terms of space group P2,/m, consistent with the
new superstructure cell based on the periodicities
(2-5X, 2:5X, 5X).

We present here a new interpretation of the
HREM images obtained by Ishiguro & Nagakura
(1985, 1986) based on the (10/4) cluster model pre-
viously proposed (Andersson er al., 1984). We first
recall the model, then compute images obtained from
this model in a high-resolution electron microscope.

IL. The (10/4) cluster model and the superstructure
(25X, 2:5X, 5X)

This wistite model has an elemental (10/4) cluster
with the zinc blende structure (Andersson er al.,
1984). Figs. 1(a—c) show an extended cubic cluster
(Gavarri, Carel & Weigel, 1988) made up of a (10/4)
cluster and a stoichiometric cubic envelope, where
eight Fe’" ions are assumed to be localized in octa-
hedral sites. The envelope parameter is 2a, where a
is the mean cubic cell parameter of the wiistite. Each
extended cluster is denoted CLi[x, y, z:*], where i
and j are the number of the layer and the number
locating the cluster inside the layer respectively; x,
and z are the coordinates of the cluster center. The
negative clusters are obtained from the positive ones
via a 907 rotation about the [100] axis.
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Clusters CL; are arranged alternately in the (001)
plane at intervals given by vectors 5/2a, + 1/2by and
5/2bg = 1/2ay. This arrangement requires a cluster
layer (010). In this layer, two extended clusters share
one edge forming twin cube blocks. Each block is
oriented perpendicularly with regard to surrounding
blocks in the same layer. In the [001] direction, the
clusters are translated alternatively by vectors 5/2¢,
+ 1/2by. Such a (010) layer of clusters CL; is rep-
resented in Fig. 1(d).

Under these conditions, the space group is Plla
with eight clusters (10/4) per supercell. This corre-
sponds to a departure from the stoichiometry by z =
48/500 = 0:096. A stacking fault, such as represented
on the figure, is in agreement with the selection rules
observed on the electron diffraction patterns of
Ishiguro & Nagakura (1985, 1986).

Projections onto the (100) and (101) planes are
shown on Figs. 2(a) and 2(b): only the vacancies and
interstitial Fe** ions are indicated. One can see that
the [100] projected vacancies are aligned, while the
[101] dense axis vacancies show alternate lines and
rhombs.

II. Interpretation of HREM images from the (10/4)
cluster model

The high-resolution electron microscopy study car-
ried out by Ishiguro & Nagakura (1985, 1986) shows
images of wiistite P’ phase obtained in a 1 MeV
microscope (corresponding wavelength /=0-87 pm
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Fig. 2. Projection of the superlattice on the (100) plane (a) and the
(110) plane (b). Only the vacancies (O) and the interstitial (O)
Fe®* ions have been shown.
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Table 1. Projected cells derived from the superstruc-

ture cell
[100] [110]
Projected cell (A)
A- . 21-5
B~ 2]-5 301
S (A1) 59 42

=0-0087 A). The operating parameters of the micro-
scope were: spherical-aberration coefficient C;=
2-5 mm, chromatic defocus spread 20 nm and beam
divergence 4 x 10™* rad; no objective aperture was
used.

The interpretation of HREM images can only be
carried out by computing images from a model,
including in the calculations the passage of the elec-
trons through the modelled crystal and the transfer
of the outgoing wave through the microscope, taking
into account the defocus and aberrations of the
objective lens and the divergence of the incident
wave. The authors of the HREM study mentioned
above have calculated images from their model [clus-
ters (6/0) or (6/2) arranged in a monoclinic pseudo-
tetragonal way]. Although there is some similarity
between their computed images and the experimental
ones, it cannot be said that the agreement is satis-
factory.

We have computed images using the model
described in the previous paragraphs. The passage of
electrons through the crystal is described using the
multislice method (see Cowley, 1975). The super-
structure cell (5X, 5X) is projected along the [100]
and [110] directions giving the projected cells shown
in Table 1. The sampling is based on 256 points
along 4 and B, which means that the distance
between two sampling points is equal to or lower
than 0-1 A. The projected potential is caiculated
from structure factors corresponding to spatial fre-
quencies lower than the gy, shown in Table I.
Finally, a Debye-Waller correction is included in the
calculations. The transfer of the electronic outcom-
ing wave through the microscope is described in the
customary way, using the same parameters as those
employed by Ishiguro & Nagakura (1985, 1986).

Fig. 3 shows the images computed for an observa-
tion along the [100] axis and for several defocuses.
The wiistite crystal thicknesses are 45 A (a to d) and
60 A (e to h). Images (a) and (e) corresponding to a
defocus of —900 A agree very well with the experi-
mental images published by Ishiguro & Nagakura
(1985, 1986). The white dots have unequal brightness
and one can clearly see two groups of three very
bright dots bordered by two groups of three medium
dots, the remaining white dots being pale. Let us
recall that these dots represent atomic rows parallel
to the observation direction (i.e. [100]) and are com-
posed of Fe and O atoms. Furthermore, we can
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observe that the bordering and surrounding spots get
brighter as the thickness increases. On the experi-
mental image, there is an obvious change of contrast
from one part of the image to the other showing a
slight change in thickness. It is very seldom that
flakes have exactly parallel surfaces: they more often
have a wedge shape. In the present case, the upper
part of the image would correspond to a thickness of
45 A while the lower part would be 60 A thick. Let

QUENCHED WUSTITE P~

us recall that the authors estimated the defocus as
~900 A and the thickness as 60 A from other meas-
urements. Consequently we can say that the new
model proposed here for the clustering and its order-
ing agrees very closely with the HREM image
obtained along the [100] axis by Ishiguro &

Nagakura (1985, 1986).
Fig. 4 shows images computed for an observation
along the [110] axis. Defocuses vary from — 1200 to

(a) (b) (c) (d)

Fig. 3. Computed high-resolution images obtained from the (10/4) cluster model, observed along the [100] axis. Crystal thicknesses are
900 (a, e), —825 (b, ). —750 (¢, g) and — 675 A (d, h).

45 (a to ) and 60 A (e to h). The defocuses are
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Fig. 4. Computed high-resolution images obtained from the (10/4) cluster model observed along the [110] axis. Crystal thicknesses are

100 (a to d) and 115 A (e to h). Defocuses are

120 (a, ¢),

1100 (b, f), — 1000 (c, g) and —900 A (d, h).
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—900 A and wiistite thicknesses are 100 and 115 A.
The model used here is an ordered one with all
vacancies placed in the same locations for the whole
of the crystal. One can see figures similar to those
obtained on the [110] projection by Ishiguro &
Nagakura (1985, 1986).

IV. Discussion and concluding remarks

For the images obtained with an electron beam
parallel to the [100] axis, there is no doubt that the
images computed with the (10/4) cluster model fit the
experimental image obtained by Ishiguro &
Nagakura (1985, 1986) much better than the images
computed by them with a (6/0) or (6/2) cluster
model. We can even explain the variation of contrast
observed in the image by a slight change in the
wilstite flake thickness.

When the electron beam is parallel to the [110]
axis, a difference appears between our computed
images and the experimental HREM image. How-
ever, this is easily explained by the existence of some
disorder concerning the stacking of the negative and
positive clusters (remember that one cluster is
obtained from the other by a 90° rotation about the
[100] axis) because there is no reason why there
should only be positive clusters stacked on top of
each other. In addition, stacking faults can be clearly
observed in the [100] direct images of Ishiguro &
Nagakura (1985, 1986). If one postulates the exist-
ence of disorder in the stacking, the rhombs remain
rhombs, but the dense lines become centered rec-
tangles, in which case the experimental HREM
images are quite well fitted.

In this study, we have shown that simulated
images of the defect structure of quenched wiistite
P, based on layers of (10/4) clusters, is consistent
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with the observed HREM direct images obtained by
Ishiguro & Nagakura (1985, 1986) and lijima (1974).
This consistency leads to an understanding of a great
number of converging structural observations found
in the literature, especially the value of the ratio R =
(z + 1)/t = 2-4 found in a new set of neutron diffrac-
tion experiments (Gavarri, Jasienska, Orewczyk &
Janowski, 1987; Carel & Gavarri, 1990).
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Abstract

Two phase transitions of bis(tetramethylarsonium)
tetrachlorocobaltate(Il), [(CH5),As],CoCl,, and
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bis(tetramethylarsonium) tetrachlorozincate(II),
[(CH,)4As],ZnCl,, have been identified by calorime-
try and X-ray diffraction. The compounds, isostruc-
tural with each other, have unusual tetragonal
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