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.SUMMAR.Y

Single atom image intensities are calculated for bright field and
various dark field modes, includi:ng the ideal beam stop, a wire beam
stop, tilt_e_d_'illumination and a displaced apertur.é.. Comparisons of .
sc'attvering amplitudes and elastic scattering cross sections are made
with different object potentials and scaftering formulations. 'The image
contrast fo_r one mercury atom (Z = 80) on a colﬁmn'of carbon atoms
(Z = 6) as the substrate is also discussed for both the bright field and
the various difk field situations. Ablist of abbre,viétions to be used in

_ the text is shown below.

ABBREVIATIONS
BF - Bright field
IBS -Ideal bearh,stop

“WBS ‘Wire beam stop

TI Tilted illumination

DA Displaced aperture

u | Ideal central stop radius

w Wire stop radius |

Cs -Spherical abberation coefficient
AZ | Defocus

Aperture radius
RHFS Relativistic Hartree Fock Slater

HFS Hartree Fock Slater



INTRODUC TION

The use of high resolution micréscopy as a tool to obtain structu-
ral information for biological macromolecules has been of great interest
to moleculé'r'biopvhysicists. One approach of curfent intefest is.the
visualization of single heavy atoms that are placed.on the maéromolecule
as a structural_label. Ih this approach,. three ‘c‘ritév‘rié, musf be satisfied:/

(‘1) £he image mode chosen r%mst prbvidé s_ufificient contrast,

(2) the method of chemical labeling with,h‘ea’vy_ ato‘ms'rnust be

o specific and stable V(Beer_, 1965), and "

7(3)v it is necessary té eliminate or m1n1mlze radiation darhage
and atomic dispiacement in the course of observations
‘(Glaeser, 1974). :
The latter two problems are still in a very primitive stage (.)f. develop-
ment. Several suggestions have been made as to.‘h:ov.v one might enhance
image coﬁtrast:
(1)‘ u.se image restora_tion:programs that éisériminate in
favor of hé_avy atoms (Frank, 1972), |

(2) improve the bfight field image quality thr_ough the use of
Fresnel zone plate (qupe, 1961, 1963; Eisenhandler &
Siegel, 1966),

(3) employ unique image modes with the .scanning transmission
é'lectron microscope (Crewe et. al. 1970, 1972),

(4) develop "conventional'' dark field electron miéroscopy

(Henkelman & Otténsmeyer, 1971; Ottensmeyer et. al.,

1973; Hashimoto et. al., 1972, 1973).

(Y
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In high resolution transmission electron,‘ microscopy, phase |
contrast theory may be used to evaluate the 1rnage contrast expected in
both br1ght f1eld and dark f1eld modes of operat1on. The calculated
image intensity prof11es are generally dependent upon the choice‘s of
object potential, scattering formula and parameters describi‘ng the oper-
ation of the microscope. In br1ght field, E1senhandler and S1egel (1966)
calculated the image contrast of single atoms and of l1near chains of.
atoms. Their calculations used only a real atomic scatteri_ng amplitude

. _ -

.obtained.from the Ist Born approxi\‘mation, and values of spherical
abberation coefficient that are unrealistic for the pre'sentl‘y- available -
high resolut1oni electron m1croscope Improvements Were ‘miade by
Relmer (1969), and by Hall and Hines (1970) who used a complex scat-
terlng ampl1tude, calculated from the WKB method and the part1al wave
method r,espectwely, to.evaluate the bright field 1mage 1ntens1ty profiles
of single atoms. and atom clu‘sters. Ho§vever,, no estirnate of contrast e
betweenth_ev single atoms and the substrate was considered.

Koike and Kamiya (1970) us_ed' a scatte'ring forrrmla due to Lenz
to calculate dark field. image inte.nsi't«y' profiles of\a single g‘old‘atom.‘
These calculations assumed an 'i“dealvbeam stop in the'back focal plane, |
.but this could bear no experimental reallty Calculatlons by Hash1moto
(19 72) showed an unusually asymmetr1c image 1ntens1ty prof1le for a-
single tho_rmmr atom'ln the case of tilted 1llum1,nat1o_n dark field imaging.
This result was pointed- out by Hashimoto et. al. (1973) to be excessive
due to‘ the use of a rectangular aperture in their pre\‘/_ious calculations.:

-

All of these dark fielld, single atom calculations were based on the 1st

Born approximation, and no consideration of substrate contrast was



taken into account.

- The purpose of the present study is to calculate single atom
irhage Aint:ensities in bright field and different "cdnventioné.l{', (fixéd-
bea:rn) dark field image modes w.ith practical values of operational para-
meters of the microscope. In thevdark field casgl a comparison is made
betv;/een t;he ivdeal beam stop, a realistic wire bearn stop, tilted illumi-
nation, and the simple use of ;. displaced aperture. The phase grating
approximation' is u_séd to c,alculate the .COmplex’ scat_tering amplitude,
and an atom object is repre'sented by recent atomic potent,ials computed
for the Relafivisvfgic Hartree Foci< Slater atomic deel (Carlson, et. al.
1970). C_ontrast.values between one mei‘cury atom é'nd a thin layer pf
linearly aligned carbon atoms are preseritc_ad in termé of image ‘point
intensities. Moreover, the validity of a linear‘ summation of single

atom image intensities (and of total elastic scattering cross sections of

. ,single atoms) is also discussed.

ASSUMPTIONS : - -

The assumptions in the present calculations are:
(1) the object is illuminated with perfectly coherent plane

waves, o .

(2). atoms are represented by spherically syfhrnetric potentials,

(3) only the elastic scattering is conéider'e_d,

(4) the phase grating approximation is valid,

(5) the phase distortion in the imaging system is entirely due
‘to defocus and spherical abberation.

It is recognized that efforts must be made in fgtui‘_e theoretical work to

ia
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relax the fixsf three assumptions.

ME THODS OF CALCULATIONS

All numerical computations were carried out ona CDC 7600

¢

comf)uter." The outline of the calculations is indicated in figure 1.
: . : ~ J ) B ’
. The major steps include the calculation of the projected object potential,

“the scattering amplitude, the total elastic scattering cross section, the.

output spectrum, the image wave amplitude, and the image intensity.
Each mode of "conventional'' electron microscopy is characterized by

its output spectrum and image inteﬁsity formation as described below.

(I) Projected object potential ¢(p): o

Sph?rically symmetric potentials “of free‘ atoms with atomic number
fanging' fror’n" Z=2 to Z= 12‘6;. b;ase.d or; Relativistic Hartfee Fock
Slater wave functions, can be c¢alculated frbﬁ the radially dependent
parameters tabulated by ?Carlsor; et. al. (1970). 'I"‘-h.o_ma's—Fermi atomic
potent'ials (Ibers and Hoerni, 1954) 'a}'e also ysed-toﬂcalculate.the complex
s'catteriﬁg amplitude of a single atom, iﬁ ordel; to compare with those»

calculated by Ibers (1968) who used a partial wave /sc'a.ttering formulation.

The projected object potential ¢(p) on the plane immédiately after the

object, which in the present calculations is either a single atom or a

layer of axially aligned atoms, can be convenie(ntly expressed as equation 1.

’ m ) - . -
$(6) = pj/yj (%9 Yo 7o) 42 w
) )= 0 .-

where pj is the number of atoms with atomic potential Vj(xO’ Yo zo),.

~ .

m is the number of different kinds of atoms, and p is the radial coor--
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dinate in the pl?ne immediately below the object (and normal to vthe z

. . - /.2 2
axis, 1.§., ‘p— xoi:yo ).

e

(1I) Scatte;‘mg amplitude: Fsp(s) and pr(s):

A complex scattefin'g amplitude, Fsp(;)_, can be calculated from

\ .

the phase grating approximation (alsorkn'ov'vn as thé strong phase approx-

imation) as expreSéed in equation 2 (Schiff, 1956): .

Fsp(s*) : iZn/)\/ (1 - exp i.-rrd)(p)/)\dEv)"Jo(Zﬂpl?l)pdp (2)
Yo | i ,

To a less accurate degree of approximation, one can start with

a real scattering amplitude, FWP(;)’ which can be calculated from the

weak phase approximation, also known as the 1st Born approximation,

(Schiff, 1956):

. The

1]

- pr/('é,') ="_(21r’2/>\2E) fo o(p) Jy(2Tp l.‘gl)pdp - (3)

‘symbols used in equations 2 and 3 are defined as follows: .

the relativistic wavelength of the incident electron; - :

the accelerating voltage;

b A 2 .6 L .
|sxsX +' Sygyl =y sins (forvan angle, 6, of scattering), which
is the spatial frequency in the Fourier domain;

the zero order Bessel function.

‘The integrals in equations 1 - 3 were approximated by successive

analytical integrations under the central portion of a cubic polynomial,

fitted to every four consecutive points of the integr_é.nd (Hildebrand, 1956).

The sampling distances were set equal to those tabulated by Carlson. -
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. function can be defined according to eq.ﬁa:tion 6:

Convergence of integrations was confirmed by using finer sampling in-
tervals; in this case the corresponding atomic pbteﬁtials were obtained
at the intermediate points by a third-order Lagrange interpolatibh of

the valués tabulated by Carlson.

(III). Total elastic scattering cross se'ction o:
The total elastic scattermg cross section, 0, cah be calculated

from the Opt1ca1 Theorem (Sch1ff 1956) as in equatmn 4

¢

’d:_ 2\Im {FSP(O)} ) - | (4)

" This represents a rigorously correct value 6f the total cross section

¢

when ‘equation 2 is used to ca.lcgl'ate' FS"R(O), becau"s%e the phase grat jng
appfoxirna_tion represents an exact éummation of the infinite Born series |
at srna.li scat_tering angles‘,
(IV). Phase d1stort1on factor v{ I s |) and a.perture funct1on A(s)

The phase factor in equatlon 5 1is used to account for the phase
distortion due to spherical abberat1on and defocus. Ast1magtlsm is

assumed to be compénsated and hence is ignored.
Y(lsl) = TT/2‘(,-5351)\3|s| + ZAZ)\IS|2) _ “(5)

where Csv is the spherical abberation coefficient and AZ is the amount

of defocus at the object.
The aperture function defines the shaipe, sizé and position of the

\

objective aperture. For the three separate cases of bright field, tilted

illumination, and displaced-aperture dark field images, the aperture



1 l;'ss
. (6)

elsewhere
where g is the radius of the objective aperture. The aperture function
can be defined for the ideal beam stop, dark field case as in equation 7,

and for wire beam stop dark field as in equation 8:

N 1 u<|;|$ Se :
A(s) = { - ' : : (7).
v 0 elsewhere _

where u 'is the radius of central beam stop;

-
-, 40 |s|>sf and |_s I\SW
OERN vy (8)
1 elsewhere
where w is the radius of the wire placed along the §x axis of the objec-
tive aperture (fig. 2).
The center of coordinates for both the phase factor and the aperture
function is dependent upon the mode of operation, and must be represented
correctly‘i'n the output spectrum. The opfimal atom- image patterns are

expected to be obtained in different modes of operation when the Scherzer

criteria (Eisenhandler and Siegel, 1966) in equation 9a,b are satisfied.

(1L

(CSX)% < AZ < (2C_\) (9a)>

s
1
2

(9b)

s; = 1/M(24 z/cs)

> -

(V) Output spectrum (s, a, b, c):
The output spectrum is defined in the Fourier domain as a pro-

duct of the scattering amplitude Fs.p(_s’ -a), and aperture function
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/

A(s = D) and the phase distortion function exp iy( Ig - :‘), which have

ot ) : . - > - P :
respective center of coordinates a, b, ¢, determined by the chosen

~

mode of microscope operation. In bright field, ideal beam stop, and
Wil\‘e beam stopk dark field modes ( figuré 2), the.-centers of cbordinateg '
of the scé;ttéring arnplitude, :a‘,perture function and .p‘hase distortion func-
tion afe the same and c¢an be set as a = b = g =_' 0. In ‘the titled illumi- ’
nation, dark field caée ( figure 3), the center of cvoordinates. of the,
scéttering arnplitud‘e isishifted _along the 's‘x axis With respect to those

" of the aperture function and phase .distortion fuhctioﬁ, i.e., := [:l §x
- and B’.: ¢ =0. ~In the displaced apérture dark field mode (figure 4),

the center of coordinates of the aperture function is shifted along §x

with respect to those of the scattering amplitude ‘and phase distortion

. . > g B g g
function, i.e., b = |b'sx, and a = ¢ = 0.

(VI) Image wave amplitude ¢(?i):

The image wave bamplitude is calculated by an ivn\'rerse Fourier
transform of fhe output spectrum for the various modes of ope\rvation. -
In bright field and ideal_be.'aml stop, dark field, ‘t_.hev_.ciljcular symmetry
of the o’utput speét\rurnj a110\.avs us fQ ’calc_ula_l.te the inverse Fourier trans-

N

form as a one dimensional Bessel transform,as represented in equation 10:

YT = im[ ogh g 3] 15D [Blalsl . o

. In the bright field case the totai imaée Wéve arﬁplitucie is 'givén by 1+ LlJ(?i),
but in the dark field case the funcfion L];(?i) vgivAes the compiete imége
wave amplitude. - In the Wi;‘e Eeam sfop, tilted illumination, and di‘splac.ed
aperture dark field’ cases, the image wave amplitudes are eva.luated by -

a two dimensional inverse Fourier transform as in equation 11:

/
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(11)

"P(?i) = if 6(s,a, b, c) exp ‘(i 2m(s - ?i‘)) ds ..

—> -~

where r, = XX, + y.v. .

1% Y3 The integration method-'a.s described in II' was

. again used to evaluate t};e one dimensional intégral.with‘a sampling
distance of 0.01 A-i for |'§"50.3 Aﬂi, a;ld of 0.005» A_i for l—s’]> 0.3 'A-i.
Convergence of integration was confirmed by u_sif;g_;finer sampling inter;-
vals. Ir; t.'he casé of the t&c;_diménsional integrafipné, a fast Féurier |
transform algorithm (Singieton, 1969) was used f‘or a 243 X243 ,squére

array, with a sampling interval of 0.013 A-i., '

(VII) - Image intensity I(;i):
The image intensity is the product of the-‘t‘otkal image wave ampli-
tude and its complex conjugate. The bright field and the dark field

image intensities are thus given by equatidns 12 and 13 respectively:

Ib(?i)v = (1.+ ¢(?i)) (1.+ q,*(?i)> o ’ (12)
L= L E) T+ UE) (T |
L) = wE) wE) o - @3

It must be remembered that the wave amplitude, an‘d.the,refo're the.
ir}lage intensity, depends upon rb(p), E,- A, Cg, AZ, u, w, s a, b, ¢,
according to the various modes of operation. The present calculations
were carried out for single atoms and for layers of'at;ams of Hg and -
C, assuming the practica.l values of E = 160 kv, A\ = 0.037j\, Cs = 1..4 mm;.
the. other parameters are taken as va‘riableé. The'image intensities
are presented by a two dimensional ''Z -modulation displ#y" (Grano,
1973) and by_ profilgs along orthogonal orientations. Since each display

is chosen to be scaled independently, the relative intensities cannot
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" show the actuél» differences in absolute image infensity for the Vdi‘fferent
modes. Information about the absolute ‘intensity-‘f'or'th'e different

situations is contained in the line drawings of the intensity profiles

through the center of the atom.

RESULTS AND DISCUSSION

(I) Scatt‘ering amplitude.and total elastic scattering cross section: .

In theory, the phase grating approximabt‘-ic_\)-n (véq. 2) .is superior to the 1st
Born approximation, (eq. 3) because the forr.ner:p'r_(.)vide:_s the ph;ase of the
) scatéering amplittide as Irequired by the unitarity pfinciple of quantum
r_nechlanics. » Téblé 1 showé that thé 1st Born approximation gives a
highéf rﬁagnituc\le than does the phase grating ap'pr'(.)xima.tion for the
'scattéring arvnplitude‘ in_thve forwar'd"dirrectibn for a?singlg Hg atom, but
-’there' is no difference in maénitﬁde fgr\_a single C Aat_ém.

Zei'tl.erAand Olsén (1964) have previqusly .‘suggested tﬁat’ thg an‘
Born app.roximation would be as go_od as the phasév grating approxiifnétion
for describing the scattering by single atoms. Table 2 confirms this
numerically 'bjr 'comparing‘ the compl‘ex forWérd scattering amplitudes
‘cal‘cula.tecvl fr.om the ph‘asev grating approximation (_eq'. 2) to the calcxilat_ions of
: "Ibers (1968), which were baséd‘o\n the 2nd Born approximation.

Due to the sir‘nplicit‘y‘of the phase grating‘é.p':p.r'oxirnatio'n,v the
complex scattering amplitudes for single atoms are 'eas‘il'yb obtained for
use in image wave 'amplitude calculations. Tablg 3 lists the magnitudes
‘and phases fvor .Hg and C up to vé. spatial freqﬁency of \1,.'2 AL
| | Like the 's&attering afnplii:ﬁde, the calculated totaly elastic scatter -
| ‘ing cross sectionl of a siﬁgle atofn is dependent upon .thé' atomic potential,
the vacceler‘ating voltage of incident electrons and v‘the scattériﬁg )for;mula.
'Tablle 4 shows that thé elastic scattering croés section cva;lculated.hére
from the phése grat{ng approximation and Relativistic Hartree Fock

N\
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Slater atomic potentials (eq. 4) is smaller than that presented by Langmore,
Wall and i-saacson (1973) by almost a factoi‘ of 2 fqr Hg but by only a
factor of 1,2 for C. These differences are most.likely due to their use

‘of the 1st Born approximation, whickh gives a higher value of scattering
amplitude for high Z étom; as evidenced in Téb”le.i 1; and only seconda}ily

due to the slightly different atomic model. ‘

(I) Bright field (BF) and ideal beam stop (IBS) dark field:

Due to the circuia;r symmetry of the outi)ut_. s:pec-:trum in both
cases, the image. ihtensities must also be circularly symmetric. The
IBS image fintensit'iesv are far léss sensitive'to\ defocﬁs variation in a
range of more than 800 A (fig. 5b) in comparison' fo the BF image inten-
sities, which actually undergo a reversal of contrasf ina range of 800 A
defocus éhange_ (fig. 5a). The full width at half maximum is dépendént upon
defocus an‘dv;apertﬁre. siz_e. Figures 5a,b show that the‘srﬂallest image
width occurs at a defocus of about 800 ﬁ., which is within the range défined
by eduation 9a; and Table 5 shows that the smallest image width occurs |
for an apérfure fadius s; = 0.3 A1 ‘which_js él\dséﬁco the Schefzer vcri-
terion defined by equation 9b. At optimal aefocué~ and aperture size, the
image width for BF is about 2.7 A (fig. sa), and that for IBS is about 1.7 A
(fig. 5b). The present results of IBS agrée qualitatively with those Qf N
Koike and Kamiya (1970), though the atom potential and the scattering
formula are different. This shows that the qualitative features of an atom
image patternv are quite independent of the choice'._o'f atomic sc;ttering am-
plitude of a‘ spherically symmetric object. A plau‘éible .explianation of the

differences in atom image patterns between BF and IBS may be that in BF,

the image is predominantly determined by {{ (?i) + xp*(?i)} as in equation

!

fa
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12, whereas in IBS, the image is determined by Lp('rj'i) Lp*(?.l) as in
e‘quation-iS; The difference in image width is easily‘understood on the
basis of the sharpenihg'that occurs when a bell-shaped function is

squared, but the relative sensitivity to defocus is not S0 easy to explain.

(1) Wife beam ét'op (W}BS) dark field: .

o Since the output spectrum is centro-symmetric, the atom image
in’tens‘ity aléo presérves the same symmetry, ba‘s shoWﬁ in figure 6. It
is seen in figuré 6 that as the wire 'rad'iue.; is iﬁcreésé:d from (a) 0.8u, to
| (b) ép', and then up to (c) 11p (fbr the f’objec‘tive focal length of 16 n"lm)l,

' the Hg a71*:/om image in‘te‘nsityy Woﬁld bec;omé less loéalizéd, and would

also deviaté further from 'circuhi’ar symmietry. Fofé very thin wire of
ra‘diug,i.‘Bp,'“'.which is still exberimentally available, the imagg intensities
are {r-fer‘y éimilar to those of IBS (fig. 7). Hg image pi'ofi"lefs along ortho-
éonal directioné are shown in fivgures 7a, b, where it cén be seen that

the image width'is slightly broader é,long the dir-ec;,.t_ion éf the wire, -a.nd' »
also that thé ivnlla;ge intensity is again quite insénsbit'ive fo‘défocus vari-
ation in a range of 8‘06 A. It is found in Table 5 that.the smallest:

P

image width cah again be found with the optimal ape-rturve radius, as -

defined in equation 9b. For optimal conditions, the average image

‘ width is about 1.8 A, which is very close to that of IBS.

(IV) Tilted illumination (TI) dark field: '

The 'atom)imagevintehs‘ityvis symmetric with_re'spect to an axis

~ parallel to the direction of tilting, as shown in figure 8. The variation

of tilting angle is represented by different vector positions of the center

of coordinates of the scattering amplitude. Variation of |a| from 0.34
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A™" to 0.82 ;\_1 (these correspond to the tilting angles between 1.3X10"
and 3.17><‘10_'2 radia;ns for a 35 micron diameter aperture, focal leng’th
of 1.6 mm, and E = 100kV) does not seem to /have a-significant effect on
the image pat’cerﬁ (fig. 8a-d), except for the fac’; ’c_‘hé.t the intensity is ~4
times higl';er for the smaller tilting angle.\ The cvr‘itveria' expressed in
.equafions 9a,b are again found to vbe the o'pti_ma.i conditions to give an
atom image With the smallest image width and the .h'ighest peak inte.ns_i_ty.
f'i‘}}e Hg intensit;r profiles in figure 93; and b oncg' mofe show the insensi-
tivity to defocus variations in a range of 800 A, ‘ahdj an image width of -

about 1.7 A for the optimal conditions.

(V) Displaced apérture (DA) dark field:

The atom image intensity is now_symrnetrié :{Vith respect to an
axis parallel to the direction olf aperture displa@erhent. By \}arying the
defocus and{a,pe'rture' size, there is no irhprovr"err.;entv of the broad distri-

- bution of the irhag‘e intensity along the éirection of t"l.le; apertui‘e displace-
méﬁt (fig..lOa_,b),. This broadening may be due té the asymmetric con-
tributio'ns of the scattering\amplitude and the phavse distortion function
included in the aperture, and also due to the rapiavoscillations pf the

phase distorfion function at high spatial frequency.:

CONTRAST BETWEEN Hg ATOM AND C 'SUBS}TR.ATE

Contrast can be defined as the difference b’etween the intensity
for the specimen plus substrate and the intensity for the substrate,
 divided by the average of the two. The effect that the carbon substrate

has on the image contrast is taken into account, in a first degree of
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appr,oxirnation; by assuming that the carbon atoms are linearly aligned,

, pafallei to the optical axis. In a model of one Hg vat'o\m and a column of

n carbon atoms, the contrast (C1) in the dark field imagés has_be'en

“approximated by equation 14:

T ./. o

: IHg o . T

C, = S (14)
1 _

(IHg,+--2—XnXIC)/2 ; ]

This appréximate measure of the ct:éntrast in differ@ht modes of dark

- ’field,‘ for optimal defocus and aperture size, is given in Table 6. These

data demonstraté that -
(i) .the contrast of WBS.is very close to that ‘of IBS pro-vided
S that the wire diva‘t;neter_:_is su\ffi.cien‘tly -small,
_'(2) fh_e contrast of TI is the best of the fqur modes, and
(3) 1t seems tha‘t contrast remains excellenf ,e;/en when the sub-

—

strate has a thickness of 40 carbon atoms in all modes of
dark field imaging. " |
The '-applfdximation to tﬁe contrast, whichvié’ defined in equation
14, is bése_zd bn'ghe assumptioﬁ that the total image intensity of a column °
of atoms'is the sﬁm of the ir;lage intensity for sihgle atoms. This - |
approximation cannot be expected to hold when the objéct_ potential is
lafge enough to cause multiple scattering proceséés to be"irnportant,‘

or when other i-nterparticile inteffererice effects afe important. Hence,

a more accurate approach is to define a contrast, CZ’ as in equation 15:

./ - IHg+nC -InC | : '
€2 F oI 1) 13)
2"HgtnC  "nC ‘

-
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Here 1 is the image intensity calculated f_i'dm the projected

HgtnC
object potential with 1 Hg and n carbon atoms by 's_gtting the parameters
iﬁ equation 1 as m = 2, Py = 1, P, = n, Vi(XO’YfO-’.'Z(.)) for Hg atomic

‘ potent?al .and VZ(XO’VYO’ zo)' fof carbon atomic pot'ential; and Iné "is thev
‘image intensity calculated from the projeéted objéét poteﬁtial of n
carbon atpfns with the parameters in eqﬁatio’n 1-as m =1, Py T and
Vi(XO’ Yor zo) for carbon \atornic potential. The matgnitudes, of the 'fdrward .
' scattering arnplitude‘of an atom layer are shown in Table 7. It is clear
that they are not inte'gvr.al' multiples of that for a ‘siﬂgle atom. >This is

due to the fact that the scattering amplitude is not 1inearly proportibnal

. to the pro;ected ob_]ect potential in the phase gratlng approx1mat10n
Moreover, due to the relationship between the total ela.st1c scattering
cross section and the forward scattering amplltude (the Opt1cal Theorem),
the total e-lastic scattering cross section of the ato_m layer is aiso not
linearly r,éié.ted to tHat of a single atom, as'is’ showﬁ in Table 7.

\Thé' image intensity profiles‘ for BF and IBS‘are calculated with
v:«;trious n It is found that the image w1dth of an atom laye/r is ve ry
close to that of the smgle atom when the m1croscoi>e parameters are
the same. It must be recognized that the 1ncreas_1ng range.of defocus
for layers of increasing thickness cannot be taken into account with the
phase grating approxirhation,/afnd this must introduce some error in the
resul.ts.l Contrast calculated for‘BF and IBS according to equation 15 is
given in Table 8 for different n. _ The'results show that
(1) excépt wHen ‘'n=1, C, is smaller thatn Ci’ |

2

(2) at high' n, C2 differs from C1 by an increasingly larger

factor, for example there is a factor of 3 difference when
A

s
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n = 20, and
(3) the contrast of IBS is 3 to 8 times higher than that of BF.
“"Howeve‘r,' the.values of contrast in Table 6 appear to be

quite valid when n is sufficiently small.

CONCLUSION -

In order to cornpare atom images in various modes ofr"conven-
tiohal" tra‘hsmissio-n electron microscopy, it is irﬁpdrtant to consider
. the three related parameters of full W1dth at half max1rhurn, max1murn
_ point intensity in dark field or m1n1rnurh po1nt intensity in bright field,
-and c,:_ontrast.. It has been shown that the image width under optimal
- eonditions for bright field is about 1 A greater thah-v,'f‘or the various dark
field conditions, with the exception of ,the displac’ed aperture dark field
mode. Bright fieid~irnages are also found to be far more sensi;tiveﬁ to‘
defocus varration than are d-ark‘ field images. In terms of contrast for
the model“of 1 Hgand n earbon atoms; the 'bright~fie1d image is far
worse than arxy of the dark'field modes. ‘

The image width for the dark field modes (except the d1sp1aced '

aperture) is ~1 7-2.0 A at optlmalcondltlons whlch are the same as

those glven by Scherzer for the bright f1eld image. The contrast for

the tilted illumination, dark field case is slightly better than for the other

' niiodes of dark‘ field imaging. However, the peak image intensity for the
' vt/ire beam stop dark field ca‘se is about 1.5.h_igher than that for the case
of tilted illumination. Furthermore, image syrjnmetr‘y properties are

_ uniqiie in each mode of dark<-fie,1d,- as goverhed by the ’symrrletry of their

respeéctive output spectrum. It is found in the WBS that the image in-
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tensity distribution is quite sensiti\}e to thé bwirvg'th'icknes's. This
demons_tfates the importance of choice of wire dia;neter as an experi-
mental _éoi.as.ivde ration. | |
The i_nsensitivity with variation of tilting aﬁgles of the atom
image patte\rns in TI may be used as a}‘ju.stificati_or} fér assuming perfect
cyo.her‘ence in the dark field calculations. Experimentally, électrpﬁs are
emitted frorﬁ different points of an eie’ctron gun’ ;'m'dl'the final irﬁage is
a superposition of all images contributed from .e.ac‘:h boint of ern_iséion.
Howe{r\erb, th_e. similarity_ of imé.ge patterns produced from various points
of illumination su‘ggvests that there would be littlé'vdi’sitortion of the final
image due to the experimental requirement of a finite, extended source.
The scatte‘r(ing amplitude and the total elastic scattering cross
section afe strongly dependent ﬁpop the pfojectéd potential a;nd the |
scatteripg formula. A close agl;eement has bee.n" foﬁnd between the
phase érating appr-ox.:i{nation.a«nd the Zﬁd_Born ap-pr‘oxi.ma;tio‘n for scatter-
ing by a éingle atom, while a si___gn.iﬁca‘pt clliffe,rencA:ev-Qccurs betwee-nvthe
phase grating approximation ar;'d the 1st Born apprIOXimation when thé
object is a hea\ry atom or when the object pot,ehti_ai is compar.ablé to,
or greater than, tﬁat of a single hea;ry atom.. In th'_é simpie model o_f
1.'Hg and n carbon atofns, it has been sho‘wn that 1t is importalnt to use
the propér scattering formula in estimating confr.a;st,,;eﬂfen when n is
quite smalli(i. e., n = 7). Since the scaftering amp'litude is not linearly
p'roportipné.l. to the projecfed object pptential, the resultant image in-
tensity (or total elastic scattering cross section) of a layer of atoms is_
not an ihtegral multiple of the image intehsit;y (or tdtal elastic scattering

cross section) of a single atom. However, it is also recognized that



90958 4

o
e
s

Rt
<&
&

~19-

our approximation, in whicﬁ the carbon atd‘ms of the substrate are
aligned in a single column, Would probably re.prfle_se‘nt_a "worst case'
‘with respect to. the‘nori-linear behavio’r of the elastic ééétfgring c.‘ross\
sectioh .avn.d. of-thé image ’intven.sity.’ . N
In‘c;r‘der' t;o estimate~ contrast correspondiknvglto a more realistic,
éxperimenta_l situation when single Hg atoms are .éu.p;;or:ted by a thin |
am&rphoﬁ'skc.a_rbon film, the projected object poteln_tial foi{'the substrate
must be determined»experirr‘xentally. Such work 1s in progfess at the
authors' iaboratdry in oi‘def to take irﬁ:o 4f1'1.11 aéébﬁnt all experimental

conditions and so to provide a realistic, theofeficé.l estimate of ima ge

contrast. .
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Table 1: Forward scattering amplitude for the phase grating
approximation arid_,the 1st Born approximation at 100 kV-

with RHFS atomic potentials for Hg (Z=80) and C (Z=6).

~

Phase grating 1st Born

approximation - approximation
Hg = - 10.09 s | 11.04
“Magnitude
(A) |
C _ 2.66 2.66
'Hg ©0.24 ] .
phase
(rad)
c . 0.032 .
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- Table 2: Magnitudes and phases of forward scattering amplitude for
the phase ‘g rating appro:&imgtion and the 2nd Born approxi-
mation at E =40 kV, with‘,,,Thomas - Fermi atomic poténtials

for Hg and C.

Phase grating = 2nd Born

©  approximation : approximatio'n* N
Hg - 15,87 .  16.4
. Magnitude r »
A
c- y 7.42 7.9
Hg . 0.2660 | o7
phase ’

(rad)

| c | . 0.029 | 0.03

A

*Values obtained from Ibers (1968)



Table 3: Magnitudes and ?hases of scattering amplitudes for Hg and C in the
strong phase approximation of 100 kV, with RHFS potentials.
: . o

Spatial
frequency . , :
1 : : ‘
(A ) 0 0.05 0.1 0.15 0.2 0.25. 0.3 035 0.4 045 0.5. 0.55 0.6 0.65 0.7 0.75. 0.8 0.85 0.9 0.95 1.0 1.05 1.1 1.15 1.20
Hg 10.09 9.99 9.74. 9.34 8.85 8,30 7.74 7.19 666 6.16 5.70 5.27 488 4.3 4.21 3.91 3.65 340 -3.18 298 279 263 247 233 219
Magnitude : : . i
A& : .
C 266 263 254 241 225 207 1.88 1.70. 1,53 137 1.23 110 099 0.89 0.80- 072 0.65 059 053 049 045 041 038 035 0.32
Hg 0.237 0.239 0.245 0.255 0.267 0.283 0.300 0.320 0.342 0.364 0.388 0.413 0.439 0.466 0.493 0.520 0.548 0.577 0.606 ‘0.635 0.664 ‘0.'693. 0.722 0.751 0.781.
phase . ' ’
(rad) ‘ L, ' v
: Cc 0.032 0.032 0.033 0.035 0.037 0.039 0.043 0.046 0.050 0.054 0.058 0.063 0.068 0.073 0.078 0.083 0.088 0.093 0.099 0.104 0.109 0.114 0.119 0.124 0.129
’ )
n
NN
}
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Table 4 Total elav.sticv écattering cross section o at E =100 kV with

different atomic ’potentials and scattering approximations.

' scatterin g (Az) ,
_Atomic potentials : . £
) _ - approximations ,
) C Hg
RHFS phase grAa'ting - 0.0064 | 0.17 B
~ HFS* - 1st Born 0.0078 | .0.31

>PValues obtained from Langmore, Wall, Isaacson (1973).
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Table 5: Full width at half maximum (A) of Hg image intensities for
bright field, ideal beam stop (u = 0.03 A'i) and wire beam
stop modes (w=0.03 A;i) as a function of aperture radius

(s), with AZ = 825 A.

sf(A—i) 0.17 0.2 0.3 0.4 0.5
BF 4.4 3.9 . 2.7 2.8 2.9

- image v : ) _ i
wigth IBS 3.1 2.5 . 1.8 1.8 1.9
WBS | 3.1 23 1.8 1.9 2.0
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Table 6: Approximate meav.s‘ure of dark field contrast (C1) b_etWeén\

1 Hg and n carbon atoms. E=100kV, Cg'= 1.4 mm, s, = 0.3 A1,
o 1
{

Az = 825 A&, u=w=0.03 &1, |3]=0.4 A1 (TD), 8] =0.34 A1 (DA)

for the differeﬁt modes of dark \fiel,d.

“Number of : ' :
Carbon 1 3 7 10 20 40
Atoms .
IBS' 1.77 1.44 104 © 087 0.55  0.32
WBS 1.77 1.44 1.05 0.87 . 0.56  0.32
TI 1.81 1.53 1.16 0.98" 0.65 10.38
DA 4| 177 1.44 1.05 0.87 - 0.56 0.32



-28-

Table 7: . Magnitudes of forward scattering ampli‘tuvdes IFSP(O)[ and
total elastic scattering cross sections -(0) for a column of n

vcarbon atoms at E = 100 kV.

n 1 3 7 10 . 16 20 40
|Fsp(0)|(A) 2.6 7.9 17.8 24.4 35,8 42.1 65.3
U(AZ) Y 6.40X  5.59X  0.28 . 0.51  1.02 ' 1.37 2.81

' 10-3  10-% >
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Table 8: Contrast (CZ) between 1 Hg and An carbon atoms in bright

field and in ideal beam stop modes. E‘ =100 kV, AZ = 825 i\,

s;=0.3 A", andu=0.03 47", o -
n 1 3 7 10 20 40
BF | 0.5 0.14 0.11 10.09  -0:04 - 0.02

IBS. |  1.83  1.29  0.67 0.44 - 0.7 0.10




,. -30-

FIGURE CAPTIONS

Fig. 1.
 Fig. 2.
<
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.

" 2s

Block diagram of image intensity calculations. : .

\
/

(a) Schematic diagram for wire beam stop dark field micro-
scopy. The following designations are used: (— - —) for
the opt1cal axis, (-———- ) for the unscattered electrons, and

(=) for the scattered electrons

‘(b) One d1men31onal profile of scattermg amphtude IF (s)l
‘along s in the aperture plane with the aperturer rad1us sf

and the wire radius w.

(a) S.chem'ati_c diagram for tilted illumination dark field micro-
scopy. The following designations are used: (—- —.-) for the
optical axis, (—— —~) for the unscattered electrons, (—-——)

for the scattered electrons.

(b) One dimensional profile of scattering amplitude IFSP(?;’)l

along gx in the aperture plane with the aperture'd_iameter

2s

£ and the extent of tilting l;'

-(a) Schematic diagram for displaced aéerture dark field micro-

scopy. The following designations are used: (— - —") for the
opt1ca1 axis, (— — — 3 for the unscattered electrons, (_)
for the scattered electrons. o

(b) One dimensional profile of scatterlng a.mplltude IF (s)l
along sx in the aperture plane with the aperture d1ameter

£ and the extent of aperture d1splacement lbl

o-1

. Hg image intensities at 100 kV, Cs = 1.4 mm, s¢ = 0.3 A " for

(a) BF (b) IBS with u = 0.03 A~} at indicated AZ. Image
intensity reversal cccurs within 800 A defocus range for BF

but not for IBS.

Z -modulation display of Hg image intensities of WBS at 100
1

- kV, C = 1.4 mm, = 0.3 ;X- , AZ = 825 ;&ui, With different

Sf

 wire radius (a) w = 0.043 A-1 (b) w = 0.103 &~ Yy w=0.1804"1

£
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The image pattern deteriorates as the wire thickness is .
' .increased. ' -

1. .Hg 1mage intensity profiles of WBS at 100 kV, C = 1.4 mm,
f = 0.3 A 1, w =.0.03 A -1 with indicated AZ ,(a) along the
direction of wire (b) normal -te the-‘di'rec'vf:i'on of wire. The

WBS image intensities are insensitive to defocus variation.

8.  Z-modulation display of Hg image inteﬂsities of TI at 100 kV,
C, =1.4mm, s =0.3 4", Az = 825 &, with different tilting
angles (a) |a] = 0.34 A1 (b) |3 = 0.4471 (o) |2] = 0.61 47"
(d) l:l '=0.82 1&—1. The image pattern ié'not rﬁuch affected

by different tilting an_gles.

!

9. .Hg 1mage 1ntens1ty profiles of TI at 100 kv, C = 1.4 mm,
°~1 ial 0.4 A” ! w1th indicated defocus (a)' along
_ the direction of t11t1ng (b) normal to direction of tilting. The
image intensities arev.‘ins'énsitive to defocus variation.

0. Hg image intensity of DA at 100 kV, C, = 1.4 mm. s, - 0.3 71,

_AZ -‘82'5;& |B>i = 0.34 ;k (a) along dlsplacement d1rect1on
(— — —), and normal to displacement’ d1rect1on (—-—)
(b) Z-modulation display. The image width is very broad

~along the direction of d1sp1acement of the aperture.
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projected object potential|

¢(p)

|

scattering amplitude

aperture function A(;); phase

: iy(151)
distortion function e Y

Total elastic .

scattering cross
section 0

output s_Eectrum .
£(s,a,b,c)

/

image wave amplitude
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image intensity
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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