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High-resolution electron microscopy (HREM) images of silicalite (ZSM-5) along [OlO] were taken with 
a 400-kV EM with a resolution of 1.6 A. The images contain a dark contrast in the centers of the main 
channels, where there are no atoms. This contrast is an artifact and is not appreciable in the HREM 
images which have been published so far. That this problem can be overcome by choosing the proper 
experimental conditions was confirmed by both computer-simulated and experimental HREM images. 
Computer image processing is also applicable to this kind of problem. o IWO Academic PWSS, IX. 

Introduction 

HREM is one of the best techniques for 
characterizing materials which are incorpo- 
rated into the voids of zeolites (I). Chan et 
al. have recently simulated HREM images 
to investigate the visibility of a 13-atom Pt 
cluster in the channels of zeolite-Y (FAU) 
along [ 1101 for a 200-kV EM and pointed 
out a new problem for which intuitive inter- 
pretation does not work; i.e., dark patches 
appear even in empty channels of the zeo- 
lite (2). Experimental conditions for HREM 
must therefore be carefully chosen to ob- 
tain an intuitively interpretable image. As 
far as we know there is no report on the 
solution of this and here we show by exper- 
iment and image simulations a way to over- 
come this problem for silicalite. 

ZSM-5 crystallizes in the space group 

* Permanent address: Department of Physics, TO- 
hoku University, Sendai 980, Japan. 

Pnma with the cell parameters a = 20.07, b 
= 19.92, and c = 13.42 A (3). Along [OlO] 
there are straight channels with openings 
defined by lo-membered rings of a diameter 
of about 5.5 A. This direction is suitable for 
HREM image recording. These main chan- 
nels are surrounded by eight five-membered 
rings (5R) and two six-membered rings 
(6R). The axis passing through the centers 
of the main channel or through those of the 
6R is a twofold rotational axis. This is the 
only visible difference along [OlO] between 
ZSM-5 and ZSM-11 which has a closely re- 
lated structure. The latter has a mirror- 
plane in the yz-plane. 

Experimental and Image Simulation 

HREM images of silicalite were taken 
along [OlO] by use of a JEM-4000 EX (C, = 
1.0 mm, resolution = 1.6 A> with objective 
apertures of two different sizes (1 .O and 0.3 
A-‘). The image simulations were carried 
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FIG. 1. High-resolution electron micrograph of silicalite recorded along [OIOJ with a 400-kV micro- 
scope. Inserted are a simulated image at Scherzer focus and a drawing of the framework structure. An 
objective aperture of I .O A-’ was used. 

out with a local version of the SHRLI pro- 
grams (4). 

Results and Discussion 

An experimental image of silicalite of the 
[OIO] incidence is shown in Fig. 1. It was 
taken with an objective aperture of 1.0 A-’ 
and close to Scherzer focus. Inserted in the 
image are the corresponding simulated im- 
age and a drawing of the framework struc- 
ture. In the micrograph the big channels as 
well as the smaller channels are clearly 
seen and the twofold axes are recognizable 
from the distribution of two different sizes 
of 5R. In the centers of the channels there 
are dark patches, although there are no 
atoms. 

The contrast in an HREM image from a 
thin crystal is roughly proportional to the 
projected potential (or charge) density con- 
voluted with the contrast transfer function 
(CTF) and with the objective aperture func- 
tion. Thus, it has been simply believed that 
an HREM image will be closer to the pro- 
jected potential density if the resolution of 
the electron microscope is improved, and 
therefore that the incorporated materials 
are imaged as dark contrast with well-re- 
solved framework structures in the HREM 
images. The projected potential density is 
the Fourier sum of the crystal structure fac- 
tors for the electrons and these have for the 
{ho/) reflections the relations 

F(hOf) = F(-ho - 1) = F(h0 - I) 
= F(-h01) for h + 1 = 2n 
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FIG. 2. Diagram showing sizes and locations of the different reflections important in creating the 
image. By using different objective aperture sizes one can choose which reflexions to include in the 
micrograph. 

F(hO/) = &y-h0 - I) = -F(-h0f) 
=--F(hO-1) forh+I=2n+l, 

and their magnitudes are schematically 
shown in Fig. 2 for the reflections which 
have d-spacings larger than 2.5 A. The re- 
flections with h + 1 = 2n + 1, such as (102) 
and { 104}, do not contribute primarily to the 
contrast at the center of the main channels 
but to give the correct symmetry of the im- 
age (5). The contrast at the center of the 
channels is built up by the reflections with 
h + 1 = 2n, mainly by {IOl}, {303}, {503}, 
{200}, and (501) reflections. It becomes 
clear from the consideration of their magni- 
tudes and signs that the contribution from 
(101) is important for obtaining the correct 
contrast. The CTFs for two different condi- 
tions (-500 and -800 A> are shown in Fig. 

3. As can be seen from the figure, transmis- 
sion for the { 101) reflections at 500 A under- 
focus, which is close to the condition for 
Fig. 1, is lower than that of the other reflec- 
tions. This will make the dark contrast out- 
weigh the bright one and there will thus be 
dark patches in the center of the main chan- 
nels. To get rid of these patches the contri- 
bution from the (101) deflections must be 
enhanced. A way to accomplish this is to 
change the shape of the CTF by lowering 
the focus (see Fig. 3 at -800 A). The reflec- 
tions with small scattering vectors are given 
higher transmission but the reflections 
above zero cross give contradictory infor- 
mation to the image. A smaller objective 
aperture (r = 0.3 A-‘) will remove this con- 
tribution. Although some resolution will be 
lost (see Fig. 2), the reflections needed to 
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FIG. 3. Contrast transfer functions of the micro- 

scope used (C, = 1.0 mm, C, = 1.7 mm, cx = 0.0003 
rad) at different focuses; top at -500 A,, below at -800 
A. The position of the {OlO} reflection is marked. 

create the essential part of the image, that is 
the contrast of the channels and the true 
symmetry of the framework structure, are 
within the area of the small objective aper- 
ture. This simple consideration was con- 
firmed by fully dynamical image simula- 
tions. The computer-simulated images in 
Fig. 4 were calculated for an objective aper- 
ture of 1.0 A-l, crystal thickness 40 A, and 
focus values ranging from 0 to -1100 A 
with intervals of 100 A. The dark patches as 
well as the fine details of the framework 
structure in the observed image (Fig. 1) are 
well reproduced in the simulated images 
close to Scherzer focus. In Fig. 5 the same 
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changes of focus as those in Fig. 4 have 
been made but with an objective aperture of 
0.3 A-‘. At an underfocus of 800 A, the 
dark patches have disappeared and the two- 
fold rotational axes are also clearly seen. 
These will be the conditions to use if the 
difference between an empty silicalite and a 
silicalite in which atoms have been im- 
planted is to be discerned. The range of 
focus values where this could be accom- 
plished is rather broad, from about -700 to 
-900 A. An experimental micrograph taken 
under these new conditions is shown in Fig. 
6. The channels do not contain any patches 
and the twofold axes are also clearly seen. 

These dark patches observed in the 
HREM image are due to a type of termina- 
tion effect for small scattering vectors 
through CTF. This is ironically enhanced 
by improving the EM resolution. We have 
noted, by using microscopes with different 
accelerating voltages (1000, 400, and 200 
kV), that the stability of the zeolite is better 
in higher voltage microscopes. Image pro- 
cessing, by means of the Wiener filter 
method, applied to this type of problem im- 
proves the correctness of the experimental 
image (see Fig. 7). Higher resolution is of 
course desirable to give as much detail as 
possible in the image. A detailed discussion 
of the image processing will be published 
later. 

Conclusion 

The artifact problem in EM work with 
silicalite can be overcome either by work- 
ing under the experimental conditions here 
described or by image processing. It will 
thus probably be possible to distinguish in a 
focal series of HREM images between an 

FIG. 4. Computer-simulated images with an objective aperture of 1.0 8-l. Simulations are made 
from focuses of 0 to - 1100 A with intervals of 100 A. 

FIG. 5. Computer-simulated images with an objective aperture of 0.3 A-‘. The same focus steps as 
those in Fig. 4. 
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FIG. 6. High-resolution electron micrograph of silicalite recorded at 400 kV using an objective 
aperture of 0.3 A-‘. The focus was about -800 A. The inserted simulated image was computed for 
these conditions. 

empty silicalite and a silicalite in which par- tals with big unit cell constants, such as 
titles have been implanted. zeolites, and also of micrographs taken 

It is also shown that it is necessary to with electron microscopes of higher reso- 
carefully interpret HREM images of crys- lution. 

processed 

FIG. 7. Electron micrograph recorded under the same conditions as those in Fig. 1 (left). The same 
image after image processing with the Wiener filter method (right). 
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