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     The anticipated effect of through-focusing on the molecular images was investigated with the 
  computer simulated high resolution electron micrographs of the thin crystal of chlorinated- Cu-phthalocy-

  anine. It was demonstrated that the molecular image reflecting the specimen structure will appear only 
  at one focus position of through-focusing in the bright field mode for 500 kV electrons with the spherical 

  aberration coefficient C3 of 1.0 and 1.8 mm. While in the dark field mode, only the heavy atoms in the 
  molecule could be detected at the best focus position of through-focusing. For 100 kV electrons (with 

  C3=1.4 mm), the simulated images did not resolve the molecular details in both the bright and the dark 
  field modes, but the bright field mode was superior to the dark field one in a sense that the general 

  molecular shape could be recognized at the beat focus. 

                          I. INTRODUCTION 

    Recent progress in electron microscopy such as the developments of the condensor-
objective lens by Ruska,l) and of the vibration, drift and contamination free system has 
facilitated the high resolution work of the order of Angstrom. With the transmission 
electron microscope of the 100 kV class, the direct observations of some atoms or atomic 
clusters have been reported.2-9) 

    The image formation and the effect of a spherical aberration of the electron lens was 
discussed by Scherzerl0) on the basis of phase contrast. Some numerical calculations of 
atomic contrast based on a kinematical approximation were carried out by Eisenhandler 
and Siegel,n) Mise11,12) and Uyeda and Ishizuka.13) Siegel1.4) simulated the brominated 
organic molecules at their greatest contrast in the kinematical approximation. Moodie 
and his coworkers9,15) synthesized the lattice images of various oxides for 100 kV electrons 
on the basis of n-beam dynamical theory. Cowley7"16) proposed a semi-quantitative 
method to interpret the bright and the dark field image intensities in terms of the phase 

 grating approximation.17) 
    As is well known, the electron waves scattered in large angles should contribute to the 

image formation as well as those in small angles in order for the images to be resolved to 
give molecular details. It was shown in the previous paper13) that the remarkable im-
provement in resolution of the bright field image may be obtained by the elevation of 
the accelerating voltage of electrons up to 500 kV and a reasonable spherical aberration 
coefficient as reported by Kobayashi et al.'s) 

  * p   J .: Laboratory of Crystal and Powder Chemistry, Institute for Chemical Research, 
    Kyoto University, Uji, Kyoto. 
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   In the present report, the molecular images of both the  bright and the dark field modes 
are simulated intensively for the electron-optical conditions such as the spherical aberration 
coefficient C3=1.0 and. 1.8 mm for 500 kV electrons, which will be compared with the 
simulation of similar images for 100 kV electrons of conventional instruments. Since the 
simulations are based on the kinematical approximation, they are to show the ultimate 
resolution which can be achieved with an idealized specimen as thin as a few unit cells. 

                          II. THEORETICAL 

   The intensity of a bright field image /BF(r1) and a dark field image IDF(ri), in which 
the transmitted wave is let through and cut-off by an aperture, respectively, can be expressed 
with an amplitude y61(r1) of the scattered wave expected to appear at the image plane; 

        IBF(r1)M               =2 1 1—isb1(r1) 12 

            M2{1+2•Im[c6i(ri)]+Isb1(r,)12),(1) 
IDF (re)=M2101(ri)12,(2) 

where ri is a coordinate on the image plane, M is the magnification of a microscope, and 

i(ri) can be described by the Fourier transform within the reciprocal space h as follows; 

ci(ri)=A f F(h)•exp {-ix(h)} •A(h)•exp {-2irih(r1/M)} dh. (3) 
In the kinematical approximation, F(h) is the Fourier transform of the two-dimensional 

projection of the electric potential distribution in the scattering object. A(h) is the 
aperture function which mathematically describes the physical aperture with the value of 
either one or zero. X(h) is an aberration function expressed as follows; 

X(h)=(2Tr/A) {(df/2)(ah)2—(C5/4)(ah)4},(4) 

where Cs is the coefficient of spherical aberration of an objective lens, df the defocusing 
value and r1 the wavelength of electrons. The scattering angle a is related to h by h=2•sin 

(a/2)/A=a/A, i.e.,'a_Ah. 
   A typical features of the aberration function can be seen in Fig. 1, where C3=1.0 mm, 

A=0.01421 A (500 kV electrons) for various defocuses. Image change may be anticipated 
in both the bright and the dark field modes, because the amplitude O1 suffers the phase 
shift by exp {—ix} due to the aberration on the Fourier component F(h) as indicated in 
Eq. (3). This raises one of the inevitable problems to select the best image reflecting the 
structure of specimen molecule out of many micrographs, when one intends to determine 
the molecular structure directly from its image alone. According to Rayleigh's rule,ls) 
the quantity of image is not seriously affected by the phase change if the amount is less 
than a quarter of the wavelength or I x I <7r/2. Therefore, the best image can be expected 
at the defocus of about 400 A with the aperture angle amax=0.85 X 10-2 rad. for this 
electron-optical conditions. 

   In the bright field image of a weak scattering object for which I Oi I <1 (kinematical 
approximation), the interference term (i.e., Im[5i]) for the transmitted . and scattered 
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                 Fig. 1. Characteristics of the aberration function for 500 kV electrons with 
C8=1.0 mm. The best focus will be obtained at the defocus of 

                      about 400 A. 

     waves at the image plane mostly contributes to the image intensity, and thus the linear 
    relation between the image intensity and the scattering amplitude 0, makes the inter-

     pretation of image simple. On the contrary, in the dark field image the intensity is ex-
    pressed by a square of the magnitude of 0_ (i.e., 10,I2), and thus the interpretation of the 
     image will become difficult by the following reasons: firstly, the contrast is exaggerated 

     by the square of the scattering power, and secondly, the phase information of O= is lost 
    when the image is recorded. For example, a negative value of the amplitude gives rise to 

     a positive intensity (a ghost peak) which can not be discriminated from the ordinary peaks 

     particularly when an original structure in unknown. 
        It must be noted that either the bright or the dark field images takes no advantage as 

     far as the contrast (signal to noise ratio) is considered. The recording of the image is a 
     quantum mechanical process, therefore the fluctuation in 1V electrons will be IW by 

     Poisson's law. With an exposure E, the signal and the noise in the background are ex-
    pressed as 10,1E and VE, respectively, for the bright field image, and thus the S/N ratio is 

    equal to 10i1VE. For the dark field image, the signal and its fluctuation are 10,12E and 
V10,I2E, respectively, then the S/N ratio becomes also I41\1E. A low contrast specimen 

    has a small S/N ratio for a fixed exposure in both the bright and the dark field images, 
     therefore the organic molecules mostly composed of light atoms such as carbon,, nitrogen 

     and oxygen will only have the low contrast, high noise images. In order to overcome this 
    difficulty, thin crystalline films of several unit cells piled in the thickness direction may be 
     utilized to increase 10,1 even for the low exposure which is necessary to avoid another 

     difficulty such as radiation damages. 

III. RESULTS AND DISCUSSION 

        The molecular images were synthesized for hexadecachloro-Cu-phthalocyanine (Fig. 
    2 (a) ), which is crystallized to assume a monoclinic form with the crystal data:6) 
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          Fig. 2. Schematic representations of a model structure. a: Molecular structure 
                  of hexadecachloro-Cu-phthalocyanine. b: Crystal arrangement of the 

                  specimen projected along the c-axis. 

          a=19.62 A, b=26.04 A, c=3.76 A, /3=116.5°. 

The molecular image expected is schematically shown in Fig. 2 (b), which is a projection 

of the crystal along the c-axis. The symmetry of the image will be a plane group cmm. 
It is assumed that the kinematical approximation holds for the wave scattered from the 
specimen. Actually, the specimen of one unit cell in the thickness is assumed for 
simplicity in the following calculation. Then, the structure amplitudes F(h) were calculated 
from the atomic scattering factors f1(h)20) and atomic parameters r; as follows; 

F(h)—------1p----  Efi(h)•exp{2aihr;} 

where 1/V1—------,82 is a relativistic correction factor with fi=v/c (1.979 for 500 kV electrons). 
A normal illumination is also assumed for both the bright and the dark field modes. The 
aperture function has the value of unity at a<amax for the bright field mode, and amin 
<a<amax for the dark field one, where amax is selected to cut-off the scattered waves heavily 
degraded by the aberration and amin to stop the transmitted wave. In the following 
description, the quantity s defined by s=h/2=a/2A will also be used instead of a, then 

smin=amin/2i1 and smax=amax/2A. 
   For 500 kV electrons with Cs=1.0 mm and smax=0.31 A-1, the images were synthe-

sized with a series of defocusing values taken at 100 A intervals. Some of the serial results 
are shown in Fig. 3, where the defocusing values are indicated under each figure. Ob-
viously, the molecular details can be seen at df=400 A, although the peaks for carbon and 
nitrogen atoms are not discriminated. The contrast was estimated to be 14% for heavy 
atoms and 4% for light atoms.The through-focusing gives rise to a considerable 
variation in contrast distribution forming completely wrong structures. The lowest 
contrast image was obtained at about df=200 A, for which the transfer function for the 
bright field mode takes small values in the widest region. The simulated images near the 
best focus are shown in Fig. 4, where the molecular configuration is clearly observed in the 
images at the defocus value from 360 A to 460 A.21) 

   The dark field images based on the elastically scattered electrons were synthesized with 
the aperture function of smin=0.01 and smax=0.31 A-1. Figure 5 shows the results of 
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       Fig 3 Some results of a through focusing calculation of the bright field image for 
              500 kV electrons with Cs=1.0 mm (smsx=0.31 A-r) The defocus values 

              are shown under each image. The best image is obtained at df=400 A, 
               where the shape of iso indole rings as well as the heavy atoms are clearly 

                observed 
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  through-focusing performed with the defocusing intervals of 100 A. The heavy atoms 
  can be recognized with higher contrast than ghost peaks at the defocusing values of 300 and 

  400 A, while the light atoms are hardly discriminated. Moreover, some ghost peaks even 
 in those images are observed with greater intensities than the true peaks corresponding to 

  the light atoms. At other defocus points, the highest peak sometimes does not correspond 
 to the true atomic position but is often located between the heavy atom positions, as can be 

  seen in the images at  df=-800, —100, etc. The origin of such ghost peaks lies in the 
 interference of the ripples around atomic images, and subsequent squaring of the 
 magnitude into the intensity. It must be pointed out that the contrast of the molecular 

 image shows considerable changes with the defocusing also in the case of the dark field 
 image. It is easily surmised that the interpertation of the image will become more difficult 

 for other dark field mode (e.g. displaced aperture dark field mode) because of the asym-
 metry in the propagation of scattered waves which contribute to the image formation. 

  Moreover, in the dark field image formation the inelastically scattered electrons have the 
 same important contribution to its intensity as the elastically scattered ones even for a thin 

 phase object in contrast to the bright field mode, where the elastic electrons derive an 
 advantage from the interference with the transmitted wave. Then, the effect of chromatic 

 aberration with the inelastic electons on the image formation must be taken into account. 

     Another series of images were synthesized for 500 kV electrons with a spherical 
  aberration coefficient Cs=1.8 mm, which is about twice the value of the former case. The 

  aperture angle was set as 0.75 x 10-2 rad., i.e., smax=0.264 A-1. The results of some serial 
 computed images of the bright field mode are shown in Fig. 6 and the images near the 

 best focus in Fig. 7. The best image was obtained at 4f=550 A, and the torelable images 
 were observed between the defocus of 450 and 610 A. While the heavy atoms were 

 clearly observed, the iso-indole rings composed of light atoms were slightly deformed even 
 in the best image. The dark field images calculated with smin=0.01 and smax=0.264 A-1 
 were shown in Fig. 8. The heavy atoms can be recognized at the defocus values of 500 and 
 600 A. It may be noted that when the spherical aberration coefficient is degraded from 

  1.0 to 1.8 mm, the overall feature of the serial images was shifted to the under-focus side 
 by the defocus of about 100,---,200 A. 

     The above results of 500 kV electrons may be compared with the images synthesized 
 for 100 kV electrons with the spherical aberration coefficient (CS=1.4 mm) attained in the 

  conventional electron microscopes. In this case amax is set to be 1.08 x 10-2 rad. (smax= 
 0.146 A-1). The results of the bright field images of some serial defocus values are shown 
 in Fig. 9, where in all cases even the heavy atoms can not be discriminated. The best 

 image was obtained at the defocus value of about 900 A in a sense that the general molec-
 ular shape like a four-leaf clover is recognized anyhow. It can be appreciated that the 

 effect of the interference between the copper and the neighbor atoms weaken the contrast 
 at the center of the molecule. The dark field images were synthesized with smin=0.01 

 and smax=0.146 A-1, some of which are shown in Fig. 10. It must be noted that in all 

 cases the highest contrast peak does not appear at the heavy atom positions. At the focus 
 of about 900 A, the molecular shape can be recognized, but the ghost peaks of high 
 intensity appear in this image. 

     It may be concluded that the image reflecting the molecular structure will appear in 

 the through-focusing with a fine defocusing intervals for 500 kV electrons in the bright 
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     Fig 6 Some results of the bright field images synthesized with Cs=1 8 mm for 500 kV 
            electrons (c.=0 264 A-1) The best image is obtained between the defocus 

           values of 500 and 600 A 

( 210 )



                         Through-Focusing of Molecular Images 

 d,  I!,  !'' 1 wl I~I"11'1111'l1Jp IP.ogpll:!'tpli~,t',ilil°HP r,:pl 

          

,III,,411                             t •`1',l91..001,`IHo ,,lill= ° 11.1i,, ~~II     1,,,,,,t019111111 ,'I,,' 11I                               
'''11`4111.'

1,i, 111    ill„1'li-'1;,111, 'dl1' ,1 IIIlil. oh1,,=li=1'`11 1 .i 

        4111Iti`'.'d111:1'}IIIIii!' ''019114' '141 illl^•1111 
 q,,,, °_',,,:illl~,l';II,' IflljI `4II`'.,.,. ;3E°1111'IIIII sip" ,'llll ,ilIflIIIE~1111.11:; lb" Iii, •,Iq„ ,11,; 

 400430460 

lil H1 ail, ,II (Pt 111llll Pit '1111 III, „1! 'I! ,111 '°i' lip Ii( =III' lit ;7.,   
~,,III,111!1.uu10''lll~1ir,!00'WOE,;'llih ;lwq! 

I 4, III111 0 ,1? '!1 III I9' ,IIll .h' >4`III 1111it,,i'!III1,1,=l!1 
11111IIII 'h hl Iii 10' io,;111,11=.I111° Ip1`191 `IIIllfl vo :Iii, `,III'-,i1ml 111 III'~~"1:;0:'"fii',ltlh 

111 ,o,„, iit 11II 14, Iq'III m, -lli 111E HIP '9' ' , ,'91 oil,01111,A11111' 

 490520550 

   ,III 'dl 141 Ili! tip 111,HI411ill) 1111411,III4110'/II11, i11=1i11,., 
ttilt11P dfll111I. ,IIIIlim 01,'.111,1NI'tit. 

'"I`of II1., - 1111 111II111aill' Ill,Ili 'll';ti ,`It' III 11 11' 

 I'1IliJ'rll1''1!'It,I'     19,''' 'III' 'II'I4iIfi~°'~~"H,1,, 
16MimIIith'91 MI!' ' 1p, 'It''601U='` 

    IIIOp101 lot91''1 1411i1dbllli 1111,,It, III=i1tll91 IN ,11: lil:  .., 

 580610640 

1iltlII ,1'tiiill!ti''' e„_,_1 
m, ,<ft., yt,.It,4°1.1, 
11 J.Ill9= li,'1~!II,iib 
II'U11;,Ir' aq,p1,,i, 
4111 Itltt 'alt!"ii(" '1` 

1111 ,;: ,III° 141 119 19:4'11 ;i,, 

  670700 

      Fig 7 Simulated molecular images of the bright field mode in the vicinity of the best 
             focus with Cs=1 8 mm for 500 kV electrons The heavy atoms are clearly 

              observed, while the zso-indole rings are slightly deformed at the defocuses 
            between 460 and 610 A 
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      Fig. 8. Simulated images of the dark field mode with C8=1.8 mm for 500 kV electrons 

(smin=0.01 and smax=0.264 A-1). The best image is obtained at the defocus 
            value between 500 and 600 A. 
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     Fig 9 Simulated images of the bright field mode with C8=1 4 mm for 100 kV electrons 

(Smax°0 146 A-1) Only the molecular shape like a four leaf clover can be 
observed even at the best focus of about 900 A 
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Fig. 10. Simulated images of the dark field mode with C5=1.4 mm for 100 kV electrons 

(smin=0.01 and smax=0.146 A-1). Even at the best focus (900 A), the ghost 
        peaks are greater than the molecular components of the four-leaf clover. 
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field mode, while the observation of the molecular details is difficult in the dark field mode 

even for the 500 kV electrons, and that the dark field images for 100 kV electrons are 

inferior to the bright field ones for the observation of the molecular specimens in contrast 

to the case of isolated  atoms.2'5) It may be not easy to take a micrograph of molecular 

details, because it will appear only at one focus position in through-focusing series in 

both the bright and the dark field modes. A method to overcome this difficulty has 

been proposed elsewhere.22) 
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