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Many-Beam Lattice Images Calculated at 100 kV and 1000 kV
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Abstract

Lattice images of high-temperature-phase vanadium
sesquioxide (V,0,) were calculated within the Bloch-
wave approach. At an accelerating voltage of 1000 kV
the structure image can be produced while at 100 kV it
cannot be obtained because of the small number of
reflections available in the image formation, which
demonstrates clearly an advantage of high voltages
which are produced by improvement in the transfer
condition of the objective lens. On the other hand, if an
ideal phase-contrast lens is assumed in order to obtain
the structure image at 100 kV, lattice-inage cal-
culations can be carried out with modified unit-cell size.
The results show that the maximum allowable thickness
to obtain the structure image varies more rapidly than
in a linear manner with the required resolution. The
maximum allowable thickness increases either with
higher voltages (from about 20 A at 100 kV to about
35 A at 1000 kV) or with larger unit cells (e.g. a
dilatation of 25% in unit-cell size increases the
maximum thickness from about 20 to about 35 A).
However, the evolution of the image details as a
function of crystal thickness is different for these two
factors, due to the different dynamical interactions of
electron waves.

1. Introduction

One of the great interests of high-resolution electron
microscopy is that it enables us to obtain structural
information localized at atomic scale in the specimen.
However, because of the nature of the interaction
between an electron beam and specimens and that of
the electron-optical system, the mechanism giving the
contrast in a high-resolution image is generally so
complicated that it is not always possible to obtain from
it reliable and useful information on the specimen
structure. For this purpose, the image must bear
one-to-one correspondence with, or at least must reflect
directly, the specimen structure projected in the
observation direction, i.e. it must be the ‘structure
image’. The conditions which must be fulfilled to obtain
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the structure image consist of the instrumental factors
and the nature of the specimen. In the case of a weak
phase object, for example, the image formed under the
optimum defocus condition (Scherzer, 1949) will reflect
directly the projected potential of the specimen, at least
in so far as the spatial frequencies contained in the main
transfer interval of the phase-contrast transfer function
(Hanszen, 1971) are concerned. Firstly, structure
images were obtained from thin crystalline specimens
and were given a semiquantitative explanation by the
weak-phase-object approximation (see Cowley & lijima,
1972). It is also known that images taken under the
above-mentioned condition from some complex oxide
crystals of large unit cell show the structure image in a
relatively thick region, where the crystal cannot be
considered as being a weak phase object, as well as in
the very thin region (Fejes, lijima & Cowley, 1973).
This phenomenon of recurrence of the same image as a
function of the crystal thickness has also been reported
for crystalline silicon (Rez & Krivanek, 1978; Spence,
O’Keefe & lijima, 1978) and vanadium sesquioxide
(Tanaka, Rocher, Ayroles & Jouffrey, 1978). In order
to foresee at what thicknesses the structure image
recurs, it is necessary to know a priori the precise
structure of the crystal and this condition will limit the
applicability of the technique, whereas in the case of a
weak phase object no such knowledge will, in principle,
be needed. However, the specimen should be very thin
so that it may be considered as a weak phase object.
The problem is, thus, to evaluate the maximum
thickness up to which a specimen can be treated in the
weak-phase-object approximation. Naturally, the
answer will be variable depending on the electrostatic
potential of the specimen which encounters the electron
beam, i.e. the thickness will depend both on the atoms
constituting the specimen and on their arrangement.
For instance, for graphitic carbon, Jefferson, Millward
& Thomas (1976) estimate that the limit of thickness is
less than 50 A, and for Ti,Nb,,0,,, Fejes (1977) gives a
limit of less than ca 6 A. Moreover, it appears that the
weak-phase-object  approximation is valid for
thicknesses at which the crystal should no longer be a
weak phase object (Fejes, 1977).

In the present paper are described the lattice images
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Table 1. Some lowest reflections belonging to the
[2201] zone axis of V,0, (space group R3c) and the
corresponding lattice spacings

Lattice spacings (A) Refiections
3.657 10120112 1012 0112
2-712 1104 1104
2.476 1120 1120
1-828 2024 0224 2024 0224
1-698 1216 2116 1216 2116
1-579 2132 123221321232
1-356 2208 2208
1.238 2240 2240

diffraction pattern obtained from a [2201}-oriented
crystal supported on a holey, polycrystalline gold film
from which the diffraction rings arise. The indices of
some low-order reflections which belong to this zone
axis are listed in Table 1 in decreasing order of lattice
spacing.

3. Results and discussion

3.1. Determination of the number of reflections in the
scattering matrix

At an accelerating voltage of 100 kV, the distri-
bution of reflections over the value of the parameter of
the excitation error, W = 5¢,, is shown by the histogram
in Fig. 2(a). Fig. 3(a) shows equal-thickness fringes in
the bright-field image, I,,,(z), calculated with three
different numbers N (arrowed in the histogram) of
reflections in the scattering matrix: (@) N = 51 (there
are 51 reflections whose values of W are equal or
inferior to 90), (b)) N = 65 (0 < W < 130) and (¢) N =
90 (0 < W < 170). The differences in intensity between
the cases (b) and (c) are 15% at most for crystal
thicknesses less than 200 A. As will be seen in the
following sections the thickness series of images
calculated with 65 reflections (Fig. 10, third column
from the left) and with 90 reflections (Fig. 4¢) cannot be
distinguished, indicating that 65 reflections can be
considered practically sufficient at 100 kV for small-
thickness regions.

The distribution of reflections at 1000 kV is shown in
Fig. 2(b). It appears from the form of this histogram
that N ~ 120 is sufficient. The maximum value of W is
then of the same order as that in the 65-reflection
calculation at 100 kV. In order to avoid the diagonaliz-
ation of very large scattering matrices, the profiles of
the equal-thickness fringes were calculated in the case
of 1012 systematic reflections at the symmetric
incidence. Fig. 3(b) shows the intensity profile cal-
culated with 11 reflections and the percentage deviation
from the intensity calculated with 19 reflections which
must be largely sufficient for the scattering matrix
because the maximum value of W attains, then, 600.
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The deviation stays well below 1%, and it is certainly
smaller than 0-1% for crystal thickness less than
100 A. Therefore, 11 reflections are practically
sufficient in the systematic case and so 121 reflections
will be required in the [2201] zone-axis orientation
containing the systematic row of reflections (see Fig. 1).
In the lattice-image calculations for 1000 kV, 125
reflections were used for convenience.

3.2. Effect of the accelerating voltage on the lattice-
image contrast

3.2.1. Images at Scherzer defocus. Fig. 4(a) shows a
series of images calculated in the zone-axis orientation
at different crystal thicknesses at 1000 kV with C, =
4.2 mm. The defocus value Af is that of Scherzer,
namely 1.2(C, )2 = 720 A. The transfer function has,
for the imaginary part sin y,, the form shown in Fig.
5(a) (the real part is also included in the image
calculations). The main transfer interval contains the
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Fig. 2. Histogram showing the distribution of reflections of a
[2201}-oriented V,0, crystal over the parameter of excitation
error (W). The ordinate gives the number of reflections. The
values of N indicate the total number of reflections whose W are

contained between 0 and the position of each arrow. (a) 100 kV.
(b) 1000 k V.
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reflections corresponding to the lowest six spatial
frequencies were used to form the images of each
structure. Fig. 10 shows the four series of images
calculated as a function of the crystal thickness. The
magnification in the image calculation of each series is
taken in such a way that the unit cell (and so the
inter-column distance in the projected structure) has the
same dimensions in the resulting image for the four
series to facilitate comparison. For the model structure
(2/4)V,0,, the image of a very thin (i.e. 5 A) crystal
can be referred to as the structure image, but the image
of a thicker (e.g. 30 A) crystal shows reverse contrast of
the columns of vanadium atoms and the columns of
oxygen atoms disappear, similar to the image of Af =
1000 A in Fig. 7(b). For the other structures, the
evolution of image contrast with crystal thickness is
similar to that of the model structure (2/4)V,0,.
However, the maximum thickness allowed to obtain the
structure image increases as the unit cell becomes
larger: 5-10 A for (2/4)V,0,, 10-15 A for (3/4)V,0,,
20-25 A for V,0, and 35-40 A for (5/4)V,0,. Taking
the mean value for each model, i.e. 7-5, 12-5, 22-5 and
37-5 A, and plotting them against the unit-cell size, one
can obtain Fig. 11. The thickness is normalized to that
allowed by V,0,. The N-beam calculation confirms the
argument from the kinematical consideration on the
spread of electron beams due to Fresnel diffraction,
namely it is necessary to use very thin crystals to obtain
the structure image from a crystal of small unit cell. It
should be noted that the maximum thickness varies
more rapidly than in the linear manner represented by a
straight line in the figure when the unit-cell size changes.
Bourret, Desseaux & Renault (1975) have carried out
image simulations at 1000 kV for (001)-oriented gold
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Fig. 11. Maximum allowable thickness to obtain the structure
image from V,0, crystals having the four different unit-cell sizes
referred to in Fig. 10. The star represents the maximum crystal
thickness normalized by that of the normal unit-cell crystal. The

straight line indicates a linear variation with unit-cell size.

MANY-BEAM LATTICE IMAGES CALCULATED AT 100 kV AND 1000 kV

foils 50 A thick with various deformed unit cells.
Although the conditions of image formation are
different from ours, mainly because of the crystal
structure studied, their results are in general agreement
with ours.

The use of the ideal phase-contrast lens — it is ideal in

that the flat part of the sin y curve is infinitely wide —
enables us to study the effect of the interaction of
electron beam with a crystal on the image contrast
separately from the value of technical parameters such
as C, and 4f. Therefore, the essential reason for using
this ‘theoretical’ lens is that the phase modulation due
to the objective lens is exactly the same for every
diffracted beam from any crystal structure, and it is
secondary that —z/2 was taken as this constant value
of phase shift relative to the 000 beam in order to have
the normal contrast expected for a weak phase object.

4. Conclusions

In order to obtain a structure image from a small-
unit-cell crystal it must be extremely thin as far as the
initial structure image is concerned, which is less
complicated to interpret than the structure image
observed in thick regions. So the question is whether we
can prepare suitable crystals. The use of high voltages
will then be favourable for two reasons:

(i) The main transfer interval of the phase-contrast
transfer function becomes wider toward the high-
spatial-frequency side as is shown, for example, by
Cowley (1975b). At 1000 kV the objective of C, = 4.2
mm has a transfer interval which ranges from 1/4.3 to
1/1-6 A~ and thus covers a great number of crystal
structures. In other words, if the crystal is thin enough
to be considered as a weak phase object, any image
detail between 4-3 and 1-6 A will be intuitively
interpretable but, otherwise, as is often the case, the
wide transfer interval can contribute to simplifying the
image interpretation.

(ii) The interaction between the electron beam and
the crystal potential is appreciably weakened, so that
thicker crystals can be used in the observation. Our
complete dynamical calculation shows that in the case
of [2201]-oriented V,0, crystal the maximum allowable
thickness to obtain the structure image is relaxed from
about 20 A at 100 kV (with the ideal phase-contrast
lens) to about 35 A at 1000 kV (with C, = 4.2 mm).

It is reasonable to assume that the crystal to be
treated as a weak phase object should be thinner than
the maximum allowable thickness thus determined. We
can also expect the structure image from a thicker
crystal — which is no longer a weak phase object —
provided that the structure is well known to allow the
deduction of the suitable defocus value from dynamical
calculations (Fig. 6).
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The maximum allowable thickness increases either
when the accelerating voltage increases or when the
unit cell becomes larger. However, the details in the
evolution of image contrast with crystal thickness are
not the same for these two factors as can be seen by
comparing Fig. 4(a) with Fig. 4(c). This difference is
due to the dynamical interaction of Bloch waves in the
crystal.

In this paper, we have discussed an accelerating
voltage of 1000 kV. In fact, higher voltages such as
3000 kV can be interesting also. A recent discussion on
this problem has been given by Jouffrey, Dorignac &
Tanaka (1978-1979). However, as most high-voltage
microscopes operate at 1000 kV, we have here chosen
this voltage for our calculations.

The authors would like to express their sincere
thanks to Drs A. Rocher and R. Ayroles for helpful
discussions. One of us (MT) received a scholarship
from the Ministry of Foreign Affairs of the French
Government and this is gratefully acknowledged.
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Abstract

In M X ,-type structures atoms are always in a sandwich
form with an M atom surrounded by two X atoms. The
orientation of the M atom is always determined by the
two X atoms, e.g. an M atom with y orientation will
always have two X atoms in 4 and B (or B and 4)
orientations around it. Therefore, by representing both
X atoms by one M atom, the calculation can be

reduced to one third of the original since the summation
in the structure-factor calculation over all atoms will
reduce to the summation over M atoms only. How this
can be done is examined in the paper.

Introduction

The study of polytypism in crystals basically consists
of the problem of growth mechanics and the study of
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