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Parker & Jefferson, 1982; Price & Parker, 1984). Such
an investigation is in progress.

We should like to encourage experimentalists to
test the ideas presented in this paper by obtaining
more experimental results on the phase diagrams of
polytypic compounds as a function of temperature
and pressure. Data are at present scarce due to the
difficulties imposed by the inevitable presence of
defects which are known to affect strongly the stability
of polytypic phases.

We should like to thank Desmond McConnell,
Volker Heine, Jonathan Smith and Heinrich Roder
for many useful ideas and discussions. GDP grate-
fully acknowledges the receipt of a Royal Society
Research Fellowship.
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Abstract

A method for determining the crystal structure using
the dynamical extinction effect in the electron diffrac-
tion appearing in high-resolution electron micro-
graphs is proposed for the mineral cebaite
Ba;Ce,(CO;)sF, whose heavy-atom positions have
not previously been determined but only estimated.
The specimen is thicker than the maximum thickness

0108-7681/84/050454-08%01.50

for which the weak-phase-object approximation is
applicable, so that the extinction effect becomes pre-
dominant and the image contrast of light atoms is
enhanced. Using electron micrographs of huanghoite
BaCe(CO;),F, whose atomic structure is known and
related to that of cebaite, the optimum thickness and
ipaging condition, which can reveal the image of
light atoms as well as heavy atoms, are investigated.
The optimum thickness is found to be 45 to 50 A

© 1984 International Union of Crystallography
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and the optimum underfocus is about 400 A. Under
these conditions the image contrast of light atoms is
enhanced and both the heavy and light atoms are
revealed with sufficient contrast. For cebaite the
optimum conditions are 50 A in thickness and 450 A
for the underfocus value. By matching the theoretical
and observed contrasts in the images the positions of
light atoms are determined together with those of the
heavy atoms. It is found that the optimum thickness
has a value larger than the thickness where the ampli-
tude of the strongest diffracted beam has its maximum
value. This thickness, however, is not much larger
than the value at which the amplitude of the strongest
diffracted beam becomes smaller than that of the
weak beams.

1. Introduction

Recently, high-resolution electron microscopy
(HREM) has become a useful technique to determine
crystal structure (Sundberg, 1978-79; O’Keefe,
Buseck & lijima, 1978; Kumao, Hashimoto, Nissen
& Endoh, 1981). Some crystals, including both natural
and synthetic ones, are very small, and the area of
uniform structure is limited to regions of about one
hundred angstréms in diameter or even smaller, and
it is not possible to get homogeneous single crystals
large enough for X-ray diffraction analysis. For in-
stance, a new barium cerium fluorocarbonate mineral
cebaite with formula Ba;Ce,(CO;);F, is exclusively
found in paragenesis with other alkaline-earth cerium
fluorocarbonate minerals (Li, Fan, Zhang & Wang,
1983; Li & Fan, 1982a) and its size is a few hundred
angstroms. Therefore, cebaite is a good test example
for structure determination by HREM. So far only a
hypothetical structure model of cebaite has been pro-
posed by Peng & Shen (1979) on the basis of crystal
chemical considerations. The present paper is con-
cerned with the determination of the crystal structure
of cebaite by HREM. It is important for the present
problem that the new mineral contains both very
heavy atoms, ie. barium and cerium, and light atoms,
i.e. carbon, oxygen and fluorine.

In general, a very thin crystal can be treated as a
weak phase object and the contrast of heavy atoms
in the structure image will be higher than that of the
light atoms (Cowley & Iijima, 1972; Kumao, Hash-
imoto, Nissen & Endoh, 1981). Carbon, oxygen and
fluorine atoms have much weaker scattering power
than barium and cerium atoms, and so the contribu-
tion of light atoms to the image contrast is negligibly
small compared to that of barium and cerium.
Accordingly, in order to derive structural information
about the light atoms from a high-resolution image
it is desirable to obtain the image from a not too thin
crystal. This may enhance the contrast of the light
atoms, so that both heavy and light atoms may be
revealed with sufficient contrast. Besides depending
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on the crystal thickness, the image contrast is also
related to the imaging conditions, especially to the
defocus value. However, it is difficult to determine
the optimum crystal thickness and the optimum
defocus value for the case of cebaite with an unknown
crystal structure. In such a case, it is advantageous
to investigate the structure image of huanghoite
BaCe(CO;),F, a mineral wkich belongs to the same
family as cebaite, whose crystal structure is already
known (Semionov & Zhang, 1961; Fan, Zhang &
Zhao, 1963 ; Qian, Fu, Kong & Gong, 1982). Structure
images of huanghoite were therefore taken in order
to find the optimum thicknéss and the optimum
defocus where a high image contrast is found at the
positions of the light atoms.

2. Crystal structure and image simulation

Both huanghoite and cebaite can be assumed to have
the same basic structure if the light atoms, carbon,
oxygen and fluorine, are ignored and the heavy atoms,
barium and cerium, are assumed to have the same
scattering amplitude. The subcell is hexagonal with
parameters ao=5-07, ¢, =952 A for huanghoite and
o= 506, co=9-63 A for cebaite (Li & Fan, 1982b).
However, these two minerals are different in super-
structure. Huanghoite belongs to the trigonal system
and the hexagonal unit cell is four times as large as
the subcell with lattice parameters a =5-06 and c=
38-08 A (Li, Fan, Yang, Fu & Kong, 1982), while
cebaite is monoclinic with lattice parameters a =212,
b=506, c=13-1 A and B=95° (Li & Fan, 1982b).
For both crystals, images projected along the b axis
are most advantageous for viewing their crystal struc-
tures. Fig. 1 shows a projection of the crystal structure
model of huanghoite and the projection of the heavy
atoms in the hypothetical structure model of cebaite
proposed earlier, along the b axis. Theoretical images
were calculated by the multislice method (Cowley &
Moodie, 1957). The beam divergence and the defocus
distribution caused by the chromatic aberration were
not taken into consideration, because they were about
0-1 mrad and 100 A respectively (Takai, Hashimoto,
Endoh & Ajika, 1981). The images were calculated
by changing the crystal thickness in steps of 5-10 A
and the defocus in steps of 50 A from image to image.

3. Experimental

Minute fragments of the minerals were crushed in an
agate mortar. The powder was dispersed in acetone
and transferred to copper grids coated with holey
carbon films. These specimens were examined at
100 kV with a JEM 100 C microscope equipped with
a high-resolution top-entry goniometer. The spherical
aberration coefficient of the objective lens is 07 mm.
Several through-focus series of images were taken
without objective aperture. The crystallites were tilted
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up to +10° so as to make the b axis parallel to the
incident beam for both kinds of mineral specimens.
Huanghoite and cebaite are generally cloven along
planes different from the (010) plane. The probability
of getting a crystal fragment in the desired orientation
by tilting less than 10° is very small. Furthermore, the
crystals were so easily damaged under the strong
electron beam irradiation that the images were taken
under a weak incident beam.

4. Images of huanghoite

Figs. 2(a), (b) and (c) show three observed images
from a through-focus series taken with 100 A defocus
steps, together with the corresponding calculated
images for an assumed specimen thickness of 50 A
and underfocus values of 300, 400 and 500 A, respec-
tively. The resolution of the images is about 3 A. The
contrast of the images changes drastically from image
to image. However, by comparing the atomic structure
model, it can be seen that the best correspondence
of the image with the crystal structure appears in the
image shown in Fig. 2(b). In this image, all the atoms,
light as well as heavy, appear dark and have sufficient
contrast. The correspondence can be seen more
clearly in Fig. 3, where the image calculated for crystal
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Fig. |I. Projection of (a) the structure model of huanghoite and
(b) the approximate structure model of cebaite along b axis. a,
and ¢, represent parameters of the subcell.

FLUOROCARBONATE MINERAL CEBAITE Ba,Ce,(CO,)F,

thickness of 50 A and underfocus of 400 A is superim-
posed on the projected structure model of huanghoite
along the b axis. All the atoms appear in dark contrast.
The white dots correspond to regions surrounded by
columns of heavy atoms as well as light atoms. All
the white dots are arranged in horizontal lines, but
they are in a zigzag line in the direction indicated by

(a)

(d)

Fig. 2. Observed and calculated images of huanghoite for crystal
thickness 50 A, spherical aberration coefficient 0-7 mm and
underfocus (a) 300 A, (b) 400 A and (¢) 500 A. (d) Correspond-
ing electron diffraction pattern. Incident beam is parallel to the
b axis.
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arrows labelled A and B. This cannot be explained
by considering only the arrangement of heavy atoms
which line up along the horizontal and in the direc-
tions A and B. However, the light atoms are arranged
in the straight horizontal lines and in the zigzag lines
in the directions A and B. This means that the contri-
bution of light atoms to the image at a thickness of
50 A and an underfocus of 400 A is rather strong
compared to that of the heavy atoms. This image is
very useful for extracting information about the
position of the light atoms.

5. Optimum image formation condition

According to the image simulation for huanghoite
the contribution of light atoms to the image formation
would be enhanced if the crystal thickness were about
45-50 A, where the light atoms could reveal them-
selves in the image with sufficient dark contrast. This
can be interpreted in the following way. Table | gives
the ordinary structure factors F of huanghoite and
the structure factors F' calculated by assuming that
huanghoite consists of heavy atoms only. The indices
of the three strongest diffracted beams are marked by
asterisks. Comparison of F and F’ shows that for
strong reflections the real part of the structure factor
does not change much and the imaginary part retains
its sign unchanged even when the light atoms are
discarded. However, for weak reflections both the
real and imaginary parts of the structure factor change
a lot and the imaginary part even changes sign. This
indicates that the strong diffracted beams are con-
tributed to mainly by the heavy atoms, while the weak
beams are contributed to mainly by the light atoms.
Fig. 4 shows the dependence of the amplitude of the

Fig. 3. Calculated image and corresponding structure model of
huanghoite projected along the b axis. Crystal thickness is 50 A,
spherical aberration coefficient 0-7 mm and underfocus 400 A.
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Table 1. Structure image of huanghoite

hkl Fre F. Fim Fim
003 0-08% 0-336 0-017 ~0-031
006 -0:972 -0-007 -0-041 0-030
101 -0:185 ~0-095 0-268 0-009
102 0-102 -0-057 0-049 0-009
009 ~1-368 ~0-832 -0-275 -0:094
*104 3:201 5702 ~0-364 —0-054
105 ~0-436 ~0-447 ~0-180 ~0-047
107 1-210 0-595 0-245 0-051
*108 6:078 5-080 0-360 0-096
*0,0,12 2:465 4926 0-131 0-140

F structure factor of huanghoite.
F’ structure factor taking only heavy atoms of huanghoit
Re real part, Im imaginary part.

into

diffracted beams on the crystal thickness in huang-
hoite. The amplitudes of the three strongest beams
with indices 108, 104 and 0,0,12 increase with increas-
ing thickness at first, but after arriving at certain
maximum values they decrease with increasing thick-
ness, while the amplitudes of weak diffracted beams
with indices 003, 006 and 101 increase with increasing
thickness monotonically. By combining Table | and
Fig. 4 it can be concluded that the proportion of the
contribution of light atoms to that of heavy atoms in
the image contrast increases with the crystal thickness.
Furthermore, after the amplitude of the strongest
diffracted beam 108 reaches its maximum value at
30 A the information of heavy atoms transferred to
the image is decreased and the influence of light atoms
increases. Therefore, it could be expected that the
optimum thickness which is most advantageous for

amplitude
02 r

10 20 30 4 50 60

70 80

thickness (A)

Fig. 4. Variation of the amplitude of diffracted beams with thick-
ness in huanghoite.
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revealing both the light and heavy atoms in the image
would have a value larger than the thickness where
the amplitude of the strongest diffracted beam reaches
its maximum value, but not larger than the thickness
at which the amplitude of the strongest beam becomes
smaller than those of weak beams. For example,
if the thickness of the crystal is larger than 50 A, say
60 A, the image contrast does not correspond to the
crystal structure. The calculated contrast of the image
of huanghoite with 63 A thickness is shown in Fig. 5
together with the projection of the structure model.
In Fig. 5, cerium atoms appear dark, while barium
atoms appear bright, which suggests that 63 A is not
adequate to reveal the images of both light and heavy
atoms correctly. Thus, for huanghoite the optimum
thickness of 45-50 A is, as mentioned above, just
adequate to reveal both the light and heavy atoms.

The above contrast mechanism is due to the
dynamical scattering of electron waves in the crystal.
Since the composition of cebaite is close to huang-
hoite, the multiple scattering process which plays an
essential role in the dynamical diffraction in these
two crystals will be similar. Hence, it could be expec-
ted that the optimum thickness of cebaite is close to
that of huanghoite.

Fig. 6 shows the contrast transfer function for
spherical aberration coefficients of 0-7 mm and the
underfocus values of 300, 400 and 500 A. Although
500 A is close to the Scherzer focus (Scherzer, 1949)
the image of huanghoite taken at 400 A underfocus
gives a better fit to the atomic structure. It is worth
noticing that the spatial frequencies of the strong
diffracted beams of cebaite are close to those of
huanghoite, which are marked by longer bars in Fig.
6. This may lead to close optimum defocus values for
these two minerals.

Fig. 5. Structure model and calculated image of huanghoite projec-
ted along the b axis. Crystal thickness is 63 A, spherical aberra-
tion coefficient 0-7 mm and underfocus 400 A.

FLUOROCARBONATE MINERAL CEBAITE Ba,Ce,(CO,)sF,

Hence, it is reasonable to assume that huanghoite
and cebaite would have close optimum image forma-
tion conditions.

6. Determination of the crystal structure of cebaite

Fig. 7(a) shows an electron diffraction pattern of
cebaite taken with the incident beam parallel to the
b axis, and Fig. 7(b) shows the corresponding
electron microscope image inset with the projection
of the approximate structure model (marked A) and
the image of huanghoite (marked B) taken under the
optimum conditions. It can be seen in Fig. 7(b) that,
although the white dots in the image of cebaite do
not have the same brightness as in the case of huang-
hoite, their arrangement is quite similar to that of the
latter. This is because the basic structure is the same
in both minerals. Furthermore, Fig. 7(b) shows a good
fit between the image and the hypothetical structure
model (A) if the white dots are interpreted as the
region surrounded by columns of atoms as in the case
of huanghoite. Therefore, the hypothetical model pro-
posed by Peng & Shen (1979) seems to be correct

Huanghoite \ 0-33A" | 1
00— Tt ‘—I“f"r Tt
- Cebaite '\\ \
._ \
: \ [
St \ \| |
.“l J'lf
il 300A -\
1 —_—
Huanghoite
0 Tt
T~ Cebaite
S
-1
1 =
—~

Huanghoite
T T L |
Cebaite

Fig. 6. Contrast transfer function for 100 kV, spherical aberration
coefficient 07 mm and defocus —300, —400 and —500 A. Black
bars represent the spatial frequencies of diffracted waves of
huanghoite (above the abscissa) and cebaite (below the
abscissa). Longer bars correspond to the strong beams.
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and the image formation condition of the image
shown in Fig. 7(b) is assumed to be the optimum one.

By referring to the image of cebaite and the crystal
structure of huanghoite it is possible to propose some
structure model of cebaite, including the positions of
the light atoms. It is well established that the sym-
metry of the structure image reflects the symmetry of
the crystal structure projection. According to the pre-
vious electron diffraction investigation on cebaite (Li
& Fan, 1982b), the possible space group of cebaite
is C2, Cm or C2/m. The non-centrosymmetric nature
of the image shown in Fig. 7(b) indicates that Cm
should be the only possible space group of cebaite.
However, structure models belonging to different
space groups have been proposed for the reason that
a slight deviation of the crystal orientation during the
exposure time might result in erroneous information
about the symmetry. Figs. 8(a), (c¢) and (e) show the
projections of three proposed models. Two of them
possess a center of symmetry while the last one does

(b)

Fig. 7. (a) Electron diffraction pattern of cebaite. Incident beam
is parallel to the b axis. (b) Corresponding image of cebaite
together with the projected approximate structure model (A)
and the image of huanghoite ( B) with thickness 50 A, taken at
400 A underfocus.
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Table 2. Observed and calculated intensity of electron
diffraction pattern of cebaite for crystal thickness 100 A

hot 1, I hol 1, i hot 1, I,
001 m 8 401 s 114 601 w 11
200 w 6 ijllf'- W <| 004 w 30
201 w 3 a02 W 2 403 s 185
201 w 3 303 m 20 602 55 384
002 m 27 40?2 5§ 61 304 ss 600
302 m 73 203 w 12 204 m 25
202 w 2 600 w 9 602 w 1
400 W 6 303 w 4 304 w 25
401 w 10 601 5 84 603 55 151

Table 3. Aromic coordinates of cebaite ( x10°)

X ¥y z X ¥ z

Ba(l) 0 0 (1] o(l) 110 500 173
Ba(2) 0 500 500 0(2) 398 0 769
Ba(3) 200 500 100 0(3) 216 500 429
Ba(4) 200 0 600 0(4) 292 0 513
Bai($) 300 500 400 0(5) 309 0 280
Ba(6) 300 0 900 0(6) 191 500 720

0(7) 41 500 73
Ce(l) 102 0 285 0(8) 98 0 869
Ce(2) 402 S00 H8S5 0(9) 492 500 613
Ce(3) 102 500 785 0(10) 16 0 3
Ce(4) 402 0 185 o(11) 21 281 128

0(12) 487 781 814
F(1) 126 0 117 0(13) 127 281 384
F(2) 426 500 517 0(14) 381 781 558
F(3) 126 500 617 0(15) 220 781 235
F(4) 426 0 17 0(16) 280 281 765

O(17) 321 281 28
Cc(1) 51 500 143 0(18) 187 781 914
C(2) 457 0 799 0(19) 427 281 284
C(3) 157 500 399 0(20) 91 781 658
C(4) 151 0 543 O21) 21 719 128
C(5) 250 0 250 0(22) 487 219 14
C(6) 250 500 750 0(23) 127 719 384
C(7) 351 500 43 0(24) 381 219 558
C(8) 157 0 899 0(25) 220 219 23§
C(9) 457 500 299 0(26) 280 719 765
C(1m 51 0 643 0(27) 321 719 28

0(28) 187 219 914

0(29) 427 719 284

0(30) 91 219 658

not, because only the last model belongs to the space
group Cm.

Owing to the assumption that the optimum crystal
thickness and the optimum defocus value of cebaite
are close to those of huanghoite, the image simulation
has been carried out under several image formation
conditions close to the optimum condition for huang-
hoite. For a thickness of 50 A and 400 A underfocus,
the calculated images for all the models show regu-
larly arranged white dots (Figs. 8b, d and f), but the
image contrast is different. This means that the image
taken under the condition close to the assumed
optimum one is sensitive to the position of light atoms.
The calculated image corresponding to the model
belonging to space group Cm is the only one which
coincides with the observed image.

Fig. 9 shows the observed image together with the
calculated image. A good fit results, not only for the
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Fig. 8. (a), (¢), (e) Projections along the b axis of proposed structure models for cebaite. (@) and (¢) have a center of symmetry, but
(e) does not. (b), (d), ( f) Calculated images corresponding to (a), (¢) and (e), respectively. Crystal thickness is 50 A and underfocus

value 400 A

Fig. 9. Observed and calculated images of cebaite. The calculation
is carried out assuming the model shown in Fig. 8(e). The

distances between the periodic bright dots but also
for their intensity variation, except for the weak
diffuse background contrast. Figs. 10(a) and (b) show
the coincidence between the observed and the calcu-
lated images for different defocus values. The slight
inconsistency on the diffuse background contrast
seems to be due to a small misalignment of the speci-
men crystallite and hence to small differences between
the imaging and simulation condition. Such a fairly
good agreement could not be obtained for other
models.

In Table 2 the observed intensities in the electron
diffraction pattern are compared with the intensities
calculated by the multislice method for a crystallite
of thickness 100 A. Because the crystal has a wedge
shape and the electron diffraction pattern is taken
from a region much larger than the imaged area, the
crystal thickness of 100 A is chosen as an average
thickness for the intensity calculation. In general, the

incident beam is parallel to the b axis. Crystal thickness is S0 A a8reement between the calculated intensities and the

and underfocus 450 A

observed ones is fairly good. This further confirms
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(b)

Fig. 10. Observed and calculated images of cebaite. The calcula-
tion is carried out assuming the model shown in Fig. 8(e). The
incident beam is parallel to the b axis. Crystal thickness is 50 A
and underfocus (a) 200 A and (b) 250 A.

Acta Cryst. (1984). B40, 461-465
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the proposed model belonging to space group Cm.
In Table 3 the atomic coordinates of this model are
given.
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Abstract

A new phase, called H, has been found coexisting
with the well known o phase in Fe- and Ni-base
superalloys. Owing to an intimate intergrowth of these
two phases, a perfect region of H never exceeds 10 nm
in dimensions. However, its structure was investigated
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by high-resolution electron microscopy (HREM) and
micro electron diffraction and found to be consistent
with an interpretation based upon: space group
Cmmm, a=045, b=1-75, c=0-45nm, Z =30. The
atomic positions could easily be fixed owing to the
close structure relationship between H and o:
[100][[410]., [010] ||[140],, [001],; [|[001],.
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