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Abstract

By combining 1 MeV high-voltage—high-resolution
electron microscopy with convergent-beam electron
diffraction (CBED), the crystal structure of a
perovskite-related compound, Ca,YFe;O,;, is deter-
mined. The crystal has orthorhombic symmetry with
lattice parameters a = 5-46, b = 37-4 and ¢ = 5-54 A.
The space group is determined to be centrosymmetric
Pnma by selecting the point group from the CBED
patterns. The structure images taken from two
principle-axis directions, which are interpreted on the
basis of the calculated images, reveal that the structure
consists of a succession of the stacking of FeOjq
octahedra (O layer) and FeO, tetrahedra (T layer) and
is represented by the stacking sequence of
...OTOOTOTOOTO... along the b axis repeated at
intervals of 37-4 A. It is shown that the Ca,YFe,O,,
crystal structure can be described in terms of unit-
cell-level twinning of Ca,Fe,O;,.

Introduction

With the present day high-resolution electron micro-
scope it is possible to carry out a structure analysis of
a crystal by directly observing the arrangement of
individual heavy atoms. The increased accelerating
voltage allows more finely resolved structure images
than 100 kV, because more scattered waves can be
used for structure imaging. This will increase the
accuracy of the crystal structure analysis. The 1 MeV
high-voltage-high-resolution electron microscope at
NIRM (Japan) can resolve a lattice spacing of about
2 A at an accelerating voltage of 1 MeV with axial
illumination and a goniometer stage (Horiuchi, Matsui
& Bando, 1976). It has been demonstrated that 1 MeV
high-resolution electron microscopy is very useful for
the determination of crystal structures and many
structures of inorganic compounds have been solved on
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the basis of electron diffraction patterns and finely
resolved structure images taken along two or more
directions, in which each cation site is resolved
(Horiuchi, Kikuchi & Goto, 1977; Bando, Watanabe,
Sekikawa, Goto & Horiuchi, 1979; Bando, Saeki,
Sekikawa, Matsui, Horiuchi & Nakahira, 1979; Bando,
Watanabe & Sekikawa, 1979, 1980; Matsui, Kato,
Kimizuka & Horiuchi, 1979). For a Bi,W,0, crystal
(Bando, Watanabe, Sekikawa, Goto & Horiuchi, 1979)
the space group has been determined uniquely to be
non-centrosymmetric Pna2, from the 1 MeV structure
image in which each of the Bi and W atom sites is
clearly resolved and the arrangement of these atoms
shows the absence of the mirror symmetry perpen-
dicular to the c axis, indicating that the point group is
not mmm but mm?2. This is a fortunate example because
usually it seems to be difficult to select the true space
group from the structure images coupled with the
normal electron diffraction patterns.

On the other hand, convergent-beam electron diffrac-
tion (CBED) is a powerful method for determining the
point group of crystals (Goodman, 1975; Buxton,
Eades, Steeds & Rackham, 1976). Tanaka, Saito &
Watanabe (1980) and Johnson & Gatehouse (1980)
selected space groups uniquely by determining the point
groups from the CBED patterns. Therefore, the
combination of high-resolution electron microscopy
and CBED should be very successful for crystal
structure analysis. Recently, Goodman, Spence, Olsen
& Roth (1980) tried this with 100 kV electron
microscopy.

The oxygen-deficient perovskite-related compounds
have been widely studied. Among them, the compounds
in the system between perovskite CaTiO, and dicalcium
ferrite Ca,Fe,O; have intermediate structures which
can be represented by a succession of sheets of oxygen
octahedra and oxygen tetrahedra along the b axis
(Grenier, Darriet, Pouchard & Hagenmuller, 1976;
Grenier, Schiffmacher, Caro, Pouchard & Hagenmul-
ler, 1979). In this system, the tetravalent B cations in
the perovskite 4BOy are replaced by the trivalent
cations Fe®* in the dicalcium ferrite resulting in the
formation of various stackings of the octahedra and
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tetrahedra. It is then expected that if trivalent 4 cations
in the perovskite are replaced by divalent Ca** cations,
the perovskite-related compounds mentioned earlier are
also formed in the system 4AFeO,-Ca,Fe,O,, where 4
is Y, La and Ga (Grenier e al., 1979). In a previous
paper (Bando, Yamamura & Sekikawa, 1980). we
reported a new compound Ca,YFeO,, in the system
YFeO,—Ca,Fe,0; and studied its crystal structure by
one-dimensional lattice imaging and X-ray powder
diffraction. However, the true space group and the
framework of the crystal structure is still uncertain.

In this paper, we combine 1 MeV high-resolution
electron microscopy with CBED to determine the
crystal structure of the perovskite-related compound
Ca,YFeO,;. It is shown that the space group is
selected uniquely by determining the point group from
CBED. The images observed are interpreted with image
calculation.

Experimental

The crystals were prepared by intimate mixing of
graduated pure reagents (CaCO;, Y,0; and Fe,0;)
and by firing at 1270 K for 15 h in air. The samples
were then refired at 1570 K and quenched to room
temperature. The starting composition of the crystals
was 1:6Ca0.0:2Y,0,.Fe,0,. The products obtained
contained small amounts of Ca,Fe,O;.

The specimens thus prepared were crushed in an
agate mortar to fragments of several micrometres in
size. They were placed on a holey carbon supporting
film and observed under the 1 MeV electron micro-
scope. The accelerating voltage was 800 kV. The
objective aperture size corresponded to about 0-5 A~!
in reciprocal space. The image contrast obtained at
underfocus values between 500 and 1000 A was
interpreted on the basis of calculated images. The direct
magnification was 2:5 x 10° times and the exposure
time was about 3 s.

The convergent-beam electron diffraction patterns
were taken with a Philips 400 electron microscope
operated at 120 keV accelerating voltage. The probe
diameter was almost 200 A at the crystal.

Results and interpretation

1. Space-group determination by CBED

Conventional electron diffraction patterns of
Ca,YFe 0, crystal fragments are shown in Fig. 1(a) to
(¢). The crystal has orthorhombic symmetry with lattice
parameters a = 5-46, b = 37-4 and ¢ = 5-54 A, which
were refined by X-ray powder diffraction. The sys-
tematic absent reflections are Ok/ with k + [ = 2n + 1,
hkO with h = 2n + 1. Therefore, the possible space

CRYSTAL STRUCTURE ANALYSIS OF Ca,YFe O,

.

20100
L]

(c)

Fig. 1. Electron diffraction patterns taken from Ca,YFe.O,; crystal
fragments. The incident electron beam is parallel (a) to [101], (b)
to [100] and (¢) to [001]. The size and the position of the
objective aperture is outlined.
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Table 1. Crystallographic data for Ca,YFe O,,

Orthorhombic
a=546,b=374,c=5.54A
Okl withk +1=2n+ 1

Symmetry
Lattice parameters
Systematic absences

hkO with h = 2n + |
Possible space groups Pn2,a or Pnma
, 4
D e 4.326 Mg m™?

Table 2. Symmetries of CBED patterns for the two
space groups Pnma and Pn2,a

Space Point Zone Diffraction Whole
group group axis group pattern
Pnma mmm [010] 2mml, 2mm
[101] 2, mng m
Pn.a m2m [010] 2mm 2mm
[101] g 1

groups are non-centrosymmetric Pn2,a or centro-
symmetric Pnma. The crystallographic data of
Ca,YFe;0,, are summarized in Table 1.

Figs. 2(a) and (b) show the CBED patterns taken
along the [010] and [101] zone axes, respectively. In
order to interpret the symmetry of the CBED patterns,
it is helpful to show the relation between the point
group, diffraction group and the symmetry of the
CBED pattern, which is given by Buxton ef al. (1976).
Table 2 shows the two point groups for the Pn2,a and
Pnma space groups and the corresponding diffraction
groups for the zone-axis setting and the whole sym-
metry of the CBED patterns. From the inspection of
the CBED pattern of Fig. 2(a), it is known that two
mirror lines which are perpendicular to each other are
present in the whole pattern. This means that the whole
symmetry has 2mm. The CBED pattern of Fig. 2(b), in
which each disk of the CBED patterns is overlapped
because of the long b axis, suggests that the whole
pattern shows the presence of m symmetry which is
perpendicular to the b* axis. These results indicate that
the present crystal belongs to the point group mmm.
Therefore the true space group must be centro-
symmetric Pnma.

It is interesting to note in Fig. 2(a) that 2mm
symmetry shows a dark band along the a* axis in
alternate reflections such as the 100 and 100. As
pointed out by Gjennes & Moodie (1965), such
reflections are kinematically forbidden reflections as a
result of the presence of a screw axis or a glide plane. In
the present case, the dynamic absence is coming from
the presence of the a-glide plane parallel to the incident
beam diffraction.

2. 1 MeV high-resolution electron microscopy

Fig. 3 shows a structure image of a Ca,YFe,O,,
crystal taken from a very thin region. The incident
electron beam was parallel to the [101] direction. The
corresponding diffraction pattern is shown in Fig. 1(a),
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in which the size and the position of the objective
aperture is outlined. About 60 waves were used for
imaging. The image contrast consists of the arrange-
ments of dark dots and white spots. As pointed out in
the previous observations (Bando, Watanabe,
Sekikawa, Goto & Horiuchi, 1979; Bando, Watanabe
& Sekikawa, 1979, 1980), each cation site should be
resolved as a dark dot in the 1 MeV structure image if
the metal-to-metal distance is larger than about 2 A in
the projected plane. Based on this analogy, the dark
dots are assigned as Y, Ca and Fe cations. It is then
clear that the arrangement of the dark dots can be
interpreted intuitively on the basis of the known crystal
structure of Ca,Fe,O4 (Berggren, 1971), in which the
structure consists of alternate stacking of FeO, oc-
tahedra (O layer) and FeO, tetrahedra (T layer) along

(a)

(b

Fig. 2. Convergent-beam electron diffraction patterns. (a) [010]
and (b) [101] zone-axis patterns, showing the whole pattern
symmetry.
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the b axis. The proposed crystal structure of
Ca,YFe,0,, read from the image is inserted in the
figure. The structure is built up of a stacking sequence
of ...0TOOTOTOOTO... along the b axis at intervals
of 37-4 A.

It should be noted in Fig. 3 that the arrangement of
cation atoms shows the presence of mirror symmetry
perpendicular to the b axis. This implies that the present
crystal belongs to centrosymmetric Pnma, which is
consistent with the result of the CBED patterns
described in § 1.

A structure image taken from the [100] zone axis is
shown in Fig. 4, and the corresponding diffraction
pattern is shown in Fig. 1(b). The structure model
projected onto the (100) plane is illustrated in the figure.
In this projection, the dark dots are arranged almost
parallel to the b axis. Because the distances between
cations are as small as 1-8 to 2:0 A, each dot is not
resolved separately, forming the dark line along the b
axis.

In order to interpret the observed images exactly, the
image contrast was calculated for a proposed crystal
structure, which will be described later, by means of the
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Fig. 3. A structure image of Ca,YFe 0,,. The incident electron
beam is parallel to [101]. The proposed crystal structure is
inserted in the figure, in which dark circles stand for cubo-
octohedral Y, Ca atoms and octahedral and tetrahedral Fe
atoms, while open circles stand for oxygen atoms. The calculated
image is shown in the inset, obtained at a crystal thickness of
about 40 A and underfocus of 1000 A, The structure consists of
the stacking sequence of FeO, octahedra (O layer) and FeO,
tetrahedra (T layer), and is represented by the stacking sequence
of ..AOTOOTUTOOTG..‘ along the b axis at intervals of
37-4 A,
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multi-slice method derived by Cowley & Moodie
(1957). The slice thickness was 7-6 and 5-46 A and the
interaction of 253 and 305 waves was taken into
account for the images projected onto the [101] and
[100] zone axes, respectively. The image contrast was
then computed with the experimental values; the
accelerating voltage was 800 keV, the spherical
abberation constant was 10 mm, and the aperture size
was 0-5 A" in reciprocal space. )

The calculated images for the [101] and [100]
directions are shown in the inserts of Figs. 3 and 4,
respectively, for a crystal thickness of about 40 A and
at an underfocus of 1000 A. It is clear that each cation
site appears as a dark dot. The calculated images agree
well with observed images suggesting that straight-
forward interpretation is valid for the present
observation.

Description of the structure

The crystal structure of Ca,YFe O,; which is projected
onto the (100) plane is shown in Fig. 5(a), in which the
iron and oxygen atoms are indicated by dark circles
and open circles, respectively. The quadrilaterals and
triangles stand for the FeO¢ octahedra and the FeO,
tetrahedra, respectively. The crystallographically non-
equivalent positions and the site of the mirror plane are
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Fig. 4. A structure image of Ca,YFe O, taken along the [100]
direction. The corresponding diffraction pattern is shown in Fig.
1(b). The structure model is inserted, in which symbols are the
same as those in Fig. 3. The calculated image is shown in the
inset, obtained at a crystal thickness of about 40 A and
underfocus of 1000 A.
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shown. The crystal contains four molecular units. The
cubooctahedral cation sites occupied by the Y and Ca
atoms are abbreviated for simplicity in the figure. The
structure is built up of a succession of FeO, octahedra
and FeO, tetrahedra and consists of six octahedral
layers and four tetrahedral layers, forming the stacking
sequence ...0TOOTOTOOQOTO... along the b axis at
intervals of 37-4 A. The chemical composition of the
present crystal is determined from the structure model.
In order to compare the present crystal structure
with that of dicalcium ferrite Ca,Fe,O; which has been
determined by Berggren (1971), the structure of
Ca,Fe,O5 is shown in Fig. 5(b). This crystal is
orthorhombic with unit-cell dimensions a = 5-43, b =
14.8 and ¢ = 5-6 A, and the space group is Pnma. The
structure is built up of an alternate stacking of the FeOy
octahedra and the FeO, tetrahedra and is represented as
...OTOTO... along the b axis at intervals of 14-8 A.
The FeOg octahedra are tilted by about 11° with
respect to the b axis. The mirror plane perpendicular to
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Fig. 5. (@) A structure model of Ca,YFe,O,;. The iron and oxygen
are shown by dark circles and open circles, respectively. The
quadrilaterals and triangles indicate FeQg4 octahedra (O layer)
and FeO, tetrahedra (T layer), respectively, at a = 0 and the
quadrilaterals and triangles which are shown with broken lines
indicate octahedra and tetrahedra, respectively, at a = §. The
crystallographic non-equivalent positions and the site of the
mirror plane are also shown. The cubooctahedral sites are
omitted for simplicity. The structure is built up from the stacking
sequence of ... OTOOTOTOOTO ... along the b axis at intervals
of37-4 A, (b) The crystal structure of Ca,Fe,O, (Berggren, 1971).
The structure consists of an alternate stacking of FeOg octahedra
and FeO, tetrahedra and is represented by the stacking sequence
...OTOTO... along the b axis at intervals of 14-8 A.
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Table 3. Atomic parameters of Ca,YFe O,

Atom Position x y z
Ca(l) 8(d) 0-50 05 0-00
Ca(2) 8(d) 0-50 0-15 0-00
Y 4(c) 0-50 ! 0-0
Fe(1) 4(a) 0 0 0
Fe(2) 8 000 010 0-00
Fe(3) 8(d) 0-00 0-20 0-00
o(1) 8(d) 0-25 0-00 0-25
0(2) 8(d) 0-00 0-05 0-10
0(3) 8@  0-60 0-10 —0-10
0(4) 8(d) 000 015 0-10
0O(5) 8(d) 0-25 0-20 0-25
0(6) 8(d) 025 0-20 0-25
o7 4 000 3 —0-10

the b axis is situated within the FeO, tetrahedral layer.

By comparing these two structures, it is understood
that the structure of the Ca,YFe O,, crystal can be
described in terms of unit-cell twinning of the Ca,Fe,O,
crystal. In the Ca,YFe,O,, crystal, the twin plane is
(010) and the twin boundary is located at the midpoint
of the perovskite slab (O—O double layers). The
trivalent Y cations are at the twin boundary. The
approximate atomic parameters of the Ca,YFe,O,,
crystal are then assigned on the basis of those in
Ca,Fe,O; and are given in Table 3, in which numbers
of non-equivalent positions and symmetry positions are
indicated.

It is generally difficult to estimate the accuracy of the
structure determination by the high-resolution electron
microscopy method, because it depends on the image
resolution obtained. In the present case, each of the
heavy-metal-atom sites is clearly resolved in the image.
Therefore, the accuracy of these atom coordinates is
rather high. On the other hand, the coordinates of the
oxygen atoms are only assigned by speculation from a
crystal-chemical consideration on the basis of the
related crystal structure, because the oxygen atoms do
not show any contrast in the image. Their accuracy
must be low. However, the present high-resolution
electron microscopy method is very useful to deter-
mine the approximate arrangement of frameworks. The
coordinates roughly estimated from this method should
be suitable as starting data for future X-ray or neutron
diffraction methods.
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Abstract

The structures of the alkaline-earth formates have been
investigated in terms of lattice energy calculations. The
lattice energy E was approximated to be the sum of
electrostatic and repulsive terms, where the repulsive
potential used was in the form: (1/12) f(R, + Rp¥ r™12
(r, interatomic distance; f, arbitrarily chosen standard
force; R, repulsive radius of an atom a). The potential
parameters concerned were obtained with the struc-
tures of a-Ca(HCOO),, a-Sr(HCOO), and
Ba(HCOO),. These potential parameters were success-
fully used for the determination of the structure of
B-Sr(HCOOQ),, for the differentiation of the structures
of a-Sr(HCOO), and Ba(HCOO),, and for the inter-
pretation of the large anisotropy of thermal vibrations
in f-Ca(HCOO),.
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Introduction

The crystal structures of the alkaline-earth formates are
manifold. They can be shown by the following scheme,
where each box stands for a type of crystal structure.

a-Ca(HCOO),:}—»ﬂCa(HCOO),‘u-ErCa(HCOO)z:-J—-&Ca(HCOO),
a-Sr(HCOO), :}4

[ Ba(HCOO), |

B-SH(HCOO), « | 3-Sr(HCOO),

Temperature

Thus, the isomorphism does not hold for a-
Ca(HCOO),, a-Sr(HCOO), and Ba(HCOQ),, which
are the stable modifications at room temperature under
atmospheric pressure (Watanabé & Matsui, 1978).
B-Ca(HCOO), and f-Sr(HCOO), and &-Ca(HCOO),
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