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ABSTRACT

High.resolution tranSmissiohkelectfon‘microscopy

31ng phase contrast technlques can be used to obtaln
images correspondlng to the pro;ected electrostatlc

\
potential of largeﬂunlt cell materlals. The p0551b111ty

of obtalnlng such 1mages of small unlt cell speclmens'

was 1nvest1gated for: the case df thln crystals. A hlgh

) . _
resolutlon electron mlcroscope was callbrated ln the

course of the lnvestlgatlon.' Sultable condltlons could

‘not be obtalned for crystal lattlce SpaCLHQH of less than

as nm, - .. ) " ' v ‘ o : 'ivq
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jhthe un1t cell level

CHAPTER 1

[ . T A}

.INTRODUCTION

ThlS the51s reports work done 4n the fleld of

~high resolutlon transm1ss1on electron mlcroscopy, _1'

P

‘,w1th %the a1m of/{nvestlgatlng condltlons under which
~useful structural 1nformatlon may be obtalned from

'crystalllne materlals.' An 1mportant part-of the

-

‘prOJect 1nv017ed the calibr tlon of ‘a high resolutlon '

4electron mlcroscope.v The p 551b111ty of obtalnlng

K3

1mages whlch relate in a S1mple way to crystal struc—_7
ture was 1nvest1gated for the case of thln crystals. .

‘Sultable condltlons could not be obtalned»for crystal

lattlce spac1ngs of about .25 nm.':

-

: Even the early electron mlcroscopysts were

X

1nterested 1n the problem of hlgh resolutlon.-‘Butf

et

not untll recently have 51ngle atoms in certain -

:'molecules been 1maged successfully. For crystals,

the technlques of lattice 1mag1ng and phase*contrast

'are well known, but agaln, not udtll recently have~ X

they been used to obtaln structural 1nformatlon at . -

34

'ﬂ'.f\  Isvyas shown by Rebsch as eaﬁly as 1938 that

’

‘the resolutlon llmlt of ‘an electron mlcroscope 1s not

s'fdetermlned by the wavelength A of the lllumlnatlng

Y

|

S
-
: :
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b}

.~ d—kA

d =-b.6 A/sin a L e -
. . &7 . -~

(¢ is the aperture'angle.of the objective lens)

Rather the resolutlon limit 1s a compromlse between
dlffractlon and the spherlcal aberratlon of thei

magnet1C-lenses.f Scherzer (1949) found the resolu-

“tion to be l&mlted by spherlcal aberratlon accordlng

to the formula

075 S @

‘, . ) - ,.
where Cq spherlcal aberratlon c&efflclent and the

constant k has values between O 43 and O 98 for Varlous

1mag1ng condltlons. ,Hefalso calculated an optlmum

defocus condltlon fdr'best contrast ”takrnu into

g

'a_account phase cancellatlons between;beams scattered

at varlous angles. Elsenhahdler and Slegel(l966), Hall
and Hlnes (1970), and Relmer (1969)‘haVe done similar

but more detalled calculatlons for 1so; od atoms, for-

"linear atomlc chalns, and for~clusters of atoms;

As the electron mlcroscope has been. gradually -
rmpgoved by many small technlcal changes over the years,
the resolutmcnﬂllmlt has been reduced suff1c1ently to
1mage heavy atoms on a 1ow n01se substrate. Thus -

Prestrldge and Yates (1971) have clalmed to have 1maged

»



‘-rhodium atoms on’'silica. Various heavy'atoms attﬁched
to complex molecules on thin carbon substrates have

been “seen by Henkelman and Ottensmeyer (lS?l),ln the

5dark_field mode. Hashimoto and colleagues (1971, 1973)

reported the v1suallzatlon of thorlum atoms on graphlte, |

1

-also 1n dark field. Thls .was conflrmed by Phllllps,

™~

Chalk, and Hugo (1972) Formanek et al (1971) observed«

a trlangular arrangement of mercury atoms 1n the com-'-

pound trlacetoxy—mercury aurine uSLng brlght fleld

1mag1ng. Thon and Wlllasch (1972) succeeded in lmaglng

“the sam arrangement u51ng hollow cone 1llum1natlon.

‘Pagsons and co-workers (1973) have°obta1ned contrast '

reversals of 1mages of uranlum atoms in stalned mole-

:ules_ofymellltlc ac1d for-dlfferent defocus condltrons.;

.

When signal processirg is applied to electron micro-

graphs, atoms as light as'sulfur'can be reyealed as

was shown by Ottensmeyer, Schmldt, and Olbrecht (1973)

. The problem of 1maglng the 51ngle‘atoms in a

‘crYStal 1s.somewhat’d1fferent. 'Crystals;‘ln general,

F .

:have thlckness, i, e., they con51st of more than one
'layer. Therefore at best only a prOJectlon of the
crystal structure can be 1maged Materlals w1th a
rfperlodlc structure glve rlse to dlffractlon patterns
wTof dlscrete spots., The electron mlcrosconlst thus can

'\‘i

"1nclude or omlt parts of the wave emerglng from the

-

b3,
>
)

i
;)‘/‘

]

e
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exit.face of the4crystal quite precisely. 'Clearly,v
the more ‘'spots or beams that are allowed to contrlbute
to the 1mager the more 1nformatlon is recorded Just

two beams can nge rise to a pattern of apparent

. /

-lattlce planes of the spe01men materlal cr0551ng the _;

-

mlmage. Three colllnear beams can generate a 51m11ar

-pattern as Menter (1956) showed when thé technlque was

{-

flrst 1ntroduced Such 51nusoldal 1nten51ty varlatlonsr

across the 1mage are. 1ndeed caused by the lattlce planes

and may even show contrast effects due to edge dls—_

vlocatlons, boundary straln, and other defects ‘in the

crystal. However, the frlnges are generally dlsplaced

from the lattlce°planes Wthh generated them. Indeedy

they Shlft ‘as the focus is changed.. Frlnges can also

l

be found beyond the edge of a crystal (Hashlmoto and

Watanabe, 1960). Cowley (1959) and Hashlmoto, Mannam1

¥ and Naiki (1961) showed ‘that the Ffringe spac1ng varles

/

B sllghtly from the actual crystal lattlce spac1ng when

:the dlffracted beam is not exactly in the Bragg condi-

d

.

tion. The number and p051t10n of termlnatlng frlnge

lmages has been shown to depend on the diffractlon

a

geometry (Cockayne, Parsons, Hoelke, 1971) Thus 1t

- “_1s not correct to assume one-to—one correspondence

’

Y.

between‘ﬁattlce frlnges and the actual lattlce planes L

{ -

‘W'of the spec1men.; "f'”',.»d;‘“7 ‘L°”'{p o ,{»v’



_complex patterns can beWéenerated, provided phase con-

-

]

When'eXamining a tetragonal material, the

"1llum1nat10n can be tilted so that the optlc éxrs is

equdlStant from four beams: the (000)., (llO), (llO),

’and (200) beams, for example."(See Figure (14))3 IfE

~ only these four beams are allowed to recombine in the

{

image plane;nit is possibleeto generate crossed lattice

,images;, The . dots thus obtalned may look lrke 1mages

s

‘of atoms, but to 1dent1fy them as such is not warranted

If many beams-contrlbute to the 1mage, even°more"

Y
[R5

trast effects are taken 1nto account (Cowley and zéﬁ i

AIljlma, 1972) Allpress and Sanders (1973) have studled

‘defects in heav1ly faulted complex oxrde structures w1th

large.unit cells in thlS way. They doncluded that under-

faVOurable 01rcumstances there is a dlrect correspondence

between 1mage contrast and crystal structure at the near :

[

atomlc level This correspondence can, be’descrlbed by

the prOJected potential}approx1matlon to the 1mage for-

s_matlon theory of Cowleyaand Moodle’j}957 1958 1959a b)

The favourable 01rcumstances necessary are that a large

,number of beams be allowed to contrlbute to the 1mage°

that the objectlve aperture be symmetrlcally placed about

the central beam, and that the structural features of

.1nterest be properly progected.

o ©

| The p0831Q111ty of extendlng the pro;ected poten—'

””,tial approxlmatlon to materlals w1th small unlt cells is j



.

examined in thlS M.Sc. projgct. - In addltlon, the
pro;ect was de51gned to prozlde experlence w1th the

~7electron mlcroscope and electron mlcroscopy technlqﬁes;

\ ~ v o

“to study the problem of hrgh resolution electron micro-

'scopy, and to attempt the imaglng of 1nd1v1dual atoms
in a crystal Thus the next chapter dlscusses the
.relevant theory of electron mlcroscope 1mag1ng aberra—-?

.

‘tldh _theory, phase contrast theory and optlmum defocus
'~cond1tlons, transfer theory, and the orOJected potentlal
apprOX1matlon.j Chapter three deals with the exper1men—
tal procedure with spe01men preparatlon, and with the

.callbrat;on of the electron mlcroscope.» A dlscu551on

of the results obtained 1s found in chapter four.

Y.,
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QMAPTER 2 T

T

¢ . THEORY

2.1 Introduction SR L S

2

The optiCallcharacteristics_of’an‘electron micro-

‘scope can be descrihed'using the términology of light
‘optics. This’analogy is possible because qnantnm»

mechanlcs assoc1ates a wavelength A w1th a mov1ng

-

\

= b ;1 ) .A.‘ o /«(3)*

'(p ; momentum, h = Planck's constant)

A mov1ng electron can also be - focussed u81ng magnetlc

flelds. The effect of such flelds on electrons can be T

,descrlbed by a” refractlve 1ndex n. Thus the lens actlon

of an electron mlcroscope ~can be explalned in terms of

: geometr1ca1 optics and ane optlcs..

l

However, llght OpthS and electron optlcs are,‘

<not completely analogous. Magnetlc 1enses pfovlde only

;converglng lens actron. ThlS makes 1t dlfflcult to

A

fcorrect for aberratlons, espec1ally for spherlcal and

W

chromatlc aberratlons.. In fact nelther has been usefullyi L

_corrected at hlgh magnlflcatlons to da e.’ Another dlf“v

?

"‘ference 1s the 1nteract10n of electrons w1th matter. Q., 4““

g Atoms can ea51ly deflect electrons. Thus the_mlcroscope,-
. ] ‘ ; l .‘>< .

N N



'vacuum Although the spec1mens.used are very thin,

Aare 1ndlces of refractlon, *l and 62 are angles of

. c N
,_//’\\ -

'ccolumn 1s evacuated and the spe01men is malntalned in

“the electrons mustiStill be accelerated to_high»ener—

..gie;\éﬂfprder to make it possible for most of them

\

to penet{ate the speClmens. - The majority'of,the

'electrons thatiare then scattered by the speCimen

~ are scattered at.small angles. Those scattered at

large angles are strongly affected;hy\the aberrations

"~of the magnetlc lenses. Thus the useful focussing‘

K actlon 1s only of small angles (less than about 1°).

In contrast, llght mlcroscopes use angles of up to 80°,

Slnce only small angles are encountered in. elec—

tron focu531ng, the parax1al approx1mat10n is useful

'and valld 1n all but hlgh resolutlon work. Snell s law

np.sin 8y =my 6y

can'befapproximated by

o ,=‘n2p2. ,._,_._7_ | W

' : ' R '
'ﬁwhen sin 6 = e to sufflclent accuracy. “The optical.

esystem then glves "1dea1 lens actlon" 'Here'ﬁicand nébﬂ

/

,

"Hlnc1dence and refractlon, as usual At hlgh resoluﬁlon,
; "lh
",however, such accuracy is. not sufflclent so the next

‘term in. the expan81on of s1n 6 must be con51dered-'”“"‘w

3



Csin 0 =0 - 6331 - . ()

'The extra term glves rlse to the "thlrd order aberra—
tlons" or depaétures from 1deal lens. actlon. These |
1nclude coma: astlgmatlsm, curVature of" fleld dlS-

K tortion,:and,spherlcal aberratlon. All except spherl—
- .cal aberration are négligible in‘electron mlcrosgopy
_at hlgh magnlflcatlons. A derlvatlon of the thlrd
'order aberrat:ons is glven in El Kareh and El- Kareh
.1(1970h An outllne of that derlvatlon lS glven 1n the ;

neXt sectlon. Spherlcal aberratlon causes phase changes.}

'1n -the outgolng wave. The contrast effects.arlslng from

'"‘thls and from defocus are dlscussed 1n the. later sec—'

tions of.the,chapter. vChromatrc”aberratlon-ls also

" discusseéd. - ~

'h2.2 vaerration Theorx“i

Con51der a rotatlonally symmetrlc optlcal system,‘v

- such‘as in Flgure (1) Introduce sets of mutually
_n:parallel?rectangular Carte51an coordlnates in. the
_object, aperture, nd 1mage planes. Let the orlglns
H}?fbe on. the Optlc ax1s, whlgh 1s also the z—dlrectlon, eo
'that the object plane 1s at z the aperture plane as:’
‘za and the lmage plane at zl’T The reglon between the-A
;aperture plane and the 1mage plane is assumed to be

idfleld free. Let a ray startlng from P (x y) in the



10

1.object plane intersect the apertureiplahe at ?a(u;v)
lland the GausSian image plane atvPi(X,Y), The'aperturé.
/piane3is the back focal piane.' The,Gaﬁssian image
valane‘is the.plane at_whioh'an‘infoous image, without
aberrationsfﬂwould fdrm‘if‘a}lhraYS emanating,from the
- object planehobeyed'equation ). o - |
An ldeal lens System w1ll change spherlcal wave i" -
’;surfaces emanatlng from: P to spheres converglng on the‘
.‘Gau551an 1mage p01nt P In‘practlce, the converging
.wave-fronts.w1ll only approximate aisphere;‘lh ray -
.startlng from P will miss P, .and'arriveAinstead'at'Pi.

/

~ The dlstance AR i - P 1s called'the ray aberration.

™

From Fermat s pr1n01ple, the optical path length_

pof a ray 901ng from Pb to. P Wlll be wf'
P, . } |
S S o . o T -
S = J nds, S a mrnimum .f} . - (e) .
P‘. . \ c . - ‘ C ' . o : .
.:O' -

where n 1s the refractlve 1ndex of thevmedlum along thep;

’path : The path of any electron from p01nt P (x,y) in
KVZthe object plane through pOLnt P (u v) of the aperture'

‘plane to P (X Y) of the 1mage plane is- unlquely deter—

-mined Thus S can be wrrtten as ‘a power serles 1n the |

hcoordlnates x,y,u V--hf}
S 7 Syt Ay + agy + agu + agy by rhgy §

B T o T I ¢ ) N
O S =S5 48 v Sy Syt St

.o
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/

where S denotes the n Q rder terms in the coordlnates.

Slnce thefsystem is rotatlonally symmetrlc, the optlcal

.

dlstance S remalns lnvarlant if the whole system is:

: rotated "As ‘a result all odd S must be zero, i. e.,

4

S'%‘SQ +. 8, +.sa‘+J,.f \\\\' ; .‘-.(8)

'lee rotatlonal symmetry requlrement also reduces the

3

number of terms in each of S and Sq+ 1f the object
}

'coordlnate system is then rotated w1th respect to the

) aperture plane by a ]ud1c1ous amount, the equatlons

can be further 51mp11f1ed. For.example, h ‘-‘. -

§23=bl(x-+y )‘+*b4(xu+yv) +fb8‘u +v)).

Now S ='J n ds 1mplles Igrad SI n. The direce

tion c051nes of 4 ray are glVen by

11

o asgax o 88/3y oo _38/3z_
Gosa= Igrad ST" cos 3 "‘|g'r"a"d 3 rrocosY= _L_Tlg_rad_s -
| R C
, J o LA
or “ A 17‘ . :
bv¢°$g¥f'ﬁ 5— .cos B—.—-g—, cosy' 5-5—— l_-’fo"(lq)

"-fthe dlrectlon cosines” are also ngen by {”'jlifj,“;‘

]ffor a ray w1th reSpect to the aperture plane..’sihce.._“,”‘

v o o

,ithe reglon beyond the aperture plane ls fleld free ;f'7" .

Ly
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e

T es

©Similarly,

D S u ot =

Y ,=>v4+ §{ 2 4][1 + (X u) '(va%—]-".ff'

or. : k

V2o 02 30,5 0 -
e +1']. S uy

 Ih thegGaussian_apprqximation'bnly‘thelfirst term -is

_taken: S

cosa = (x-u)'/[(x-'u)’zﬁ#‘(y—v)-z( (z’i-ﬂza)'z']of's, ete. w (11)

e
LGS

Therefore o }/

-w?+ e (z,-2,) 2]

XAu+ 0‘5 ‘ "~(

5
‘é’l“m’

X=u + :

fes

2 e

Z { Z
. where Z.ipzifbg.- The term in brackets can be ;¥panded‘

~as .

(X—u)2 '(Y-V}?H; -
2 . . 2\ ..O.o_,
Y - 23% :

1+

~

R 1 o o
e L T2

Xl ‘-_-Wu+'n su‘ e - ' ‘ ‘
| o

N

) B .

<

]
R
;‘ +
I

Thlrd order theory glves
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. : : . : Cos
N : :
! X
&,

;The subscript refers to‘the order of the approXimatiOn,

-The dlfference betweén the>f1rst order and thlrd
’ v

order equatlons is the express1on for the thlrd order
aberratlonsw ,

M =X i

2% . T 2%,

35, [(x;~w)® _ (¥)-v) ] .

95,
ou

>

|
S
3]

3u

Y [ e L O
SNy s W T ) Y

(15)

e 4 

3s4 -
v

./ .

Differeritiatingﬂ-s2 add S4fgiVes:-

3

AX = ax (x*+y?) - By (X,2+y.2) ‘+‘.Cu(x2+y.%) *’_D[u(xz-yznzxyv]

+ Elv(x?-y?)-2uyx] + Flx(3u?+v?)+2yuv]
A i :"2;'2:_ o B .:2"3 _f o
-+ G-y (3u”+v7) +2xuv] + Hu (u“+v")

| . . (16)

Ay

_;Ay(x +y )+-Bx(x +y )+-Cv(§?;y )-&D[ v(x -y )+2xyu]

'f+ E[u(Xv-y )+2vxy] + F[y(3v +u )+2£;;E 1' 
A e _ S "‘,_

RN

| sQ_The coefflclents A to H are 1ntroduced after collectlng

/"

*'.the varlous terms. For example, H:= 42clon 1/2z
B . ” . . .

‘fr“The terms of the expressions can now be 1dent1f1ed w1th

N

 55the Various abérrations that are observed 1n opt1ca1
- instruments. Thus ~:.f{1“'ugs  ﬁ:j.yo, '

..}‘  f}‘l.ﬁJ_‘M

13



_'A and B are dlstortloh term?
- C represents curvature of field
D ahd % cause geoﬁetrlcal astlgmatism'
E_and G are coma coefflcagnts
-‘h.;s the term whlch glves rise to spherlcal
- . abberatlon. | L |
It can. be seen that spherlcal aberratlon is the only
"thlrd order aberratlon whlch does not depend on the
p051tlon of the object and thus does not vanlsh even

‘~for ax1al ijects. 1t is the only one that remalns

at hlgh magnlflcatlons.

1

- bX  Hu (w2 4v?y S
e an

'

The'raytaberratioanR.therefore“is“

AR-—(AX +AY ) —H[( 24v? ) u2+ (u by )2V2]0 5

. =H(u 2+v2)1 s = H q3,_ Sl L
oy S R

where q2v= u +-v2.{ Thus spherlcal aberratlon lS p:m--"'—‘h

B portxunal to the cube of the dlstance from the optlé
SRl - o
'f*ax1s at WhICh an electron passes the back foCal plane.

o The 31tuat10n as. encountered in the electron i
i’mlcroscope lS that non—paraxial rays are refracted

D e
gimore strongly than ph:axlal rays,‘ See Figure (2).M;;

B

-

14

s
j .



= They focus in front of the’Gaussian'image plane. In
the Gaussian image lane, the paraX1al rays produce
a p01nt 1mage, but the aberrated rays form a circle //j$\
of confuslon of radlus AR Referred to the objectA |
g‘plane, the radlus of the confu51on 01rcle is
B o3, .37 3, 3 0
Ar—5Ah/ﬂ-H,qo /M—-H f 4, /M-—Cs qQ - (l9l
. * - / ' ‘
Here M 1s the magnlflcatlon, fis a constant appro-

x1mately equal to the focal length -C = H f /M 1s

the spherlcal aberratlon coefflclent,~,o-is;

<

scatterlng angle that can pass through the

3he largest

aperture;. It corresponds to the largest a lowed radlus_
“in the'baCK focal p_laneg,o = f tan a, Tle approxlma—

tlon tan3a a37was made-31ncefall other/terms are of sf,

alhlgher than third order.'

The spherlcal aberrat1( coeff1c1 nt of a rota— H

*tlonally symmetrlc lens is always p031t1ve. ThlS was

L]

jh}shown by Scherzer (1936) Another derlv tlon 1s glven
in El Kareh and El Kareh (1970), chapter 10 Spherlcal _..'

}ljf aberratlon can be reduced by u51ng octopole lenses or

-

ifeleétrostatlc mirrors' but nelther method has been

i
~ f‘.; :

t.f:lpractlcally reallzed. o

2.3 .zé,ha"se_ niffe.réﬁéesﬁ. &

Two rays,; 1deal paraxlal ray and a ray

: ':,;;Encountering‘spherrcal aberratxon, whlch leave the }i'

.;éégcfg::n
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‘same object.point_in-phase’will~arrive at. the'image
:;lgne outfof-phase:} Thus the ray AVC of Flgure (3)
ewill have its phase delayed w1th respect to AVD, -
because of the longer path AVC travels.'vThe Optlcal'“
path length dlfference (called the wave aberratlon)A

is glven by Born and W;T;i>l970) on page 206, equatlonsp"

(10) ‘as:‘ "

v- R'
AX = & 5 R o
| roo o (20)

- AY

_where n is the refractive index of.image space. Rl is
to a good approxlmatlon the dlstance between the back

z'fccal plane ,nd the Gau351an 1mage plane._ Thepefore '

‘;‘j?~

tﬁhﬁ,f4>d4/de.d | ‘, - p.fh :K;; ﬁfﬁ“v

L

1gun5q4/43',f

.

A

ey

&7\sin¢é*nv7nf“=‘ | Thus a ray sufferlng from spherlcal C

‘,;aberration w1l1 arrlve at the 1mage plane w1th a phase-._i"‘

L ’s

%“retarded by (Zn/l) C a /4 w1th respect to 1ts Gaussian?;_af.t”

:1f1;approximatlon.,gfg:"' o



A'ray can also be phase shifted by defocussing

or overfocussing. Consider the infocus paraxial ray

~ BVE in Figure‘(4);' IfIQefdcuS Af is intfodﬁced (Af

positive, i.e., lens weakehed),-then thé‘ray takes_the”

path BVF. It arrives at F where the infocus ray AVF

C e

previougly arrived. Thus A circle of confusion occurs

in the object plane of radius

=Af tan.az Afa . . (22)

T :hé=image plane. the radius'of_the confuéion circleg.”

i.e., the éhift of:the beam is. - . I
EF = MR =M8fa . - (23
RO I - .
Equations- (20) “also apply in this case so the wave
‘ ,aberratioh assééiatéd.With hfdefocuszfiis » f*;¢ ’

~ e
£

w-?,Af:aZ/Zf‘.: o SRR '.“. , - “f(24i

T

Z.HThe phas:\Pe1ay %s ( ZW/X) Af a /2 51nce defocus shor-(

| tens the ‘path. length."
| | Thus a ray encounterlng both spherlcal aberra—i

 _t1on and defocus w1ll be phase shlfted by

]

S

17

kThls 1s the result obtalned by ScherZer (1949)._ ‘It 1s¢‘,L;

‘~“’7ﬂfver1f1ed by the efﬁéﬁimental results f Thon (1970), gf:;5 .



'*  larly, 1n F&gure (4), the 1n~focus ray BVE has an extra

" who studled mlcrographs of amo;phons carbon w1€§ an

 opt1cal dlffractometer.' Krakow, Downlng, and Slegel-

(f974) ‘also wOrked w1th amorphous carb@n and also‘r

- verlfled thlS formula.‘ - -  _ R I - ”*‘~4l
However, the equatlon is dlsputed by heldenrelch |

(1964), Appendlx B, on the ba51s of a dlagram such as t

Flgure (3). The opt1Cal path dlfference W between thek

baberrated ray AVC and the parax1al ray AVD is from the

. . )
. . e . . .
t e N co-
. e : . E
.
-
.

~"geom'e_try_'

VC - VD = CD sin g

o oy .

]
=
0
Q
>

1
=
(P]
Q
e
TN
=
\

=c q%; f-f -.'._' _“h am’.’ : (26)

-a factor of 4 larger than the - preV1ous result. Simi—

[~3

.'g N

dlstance e

]

:*Af_']a? | j.' I i('z»u |

LJEtO travel. Thls result dlffers by a factor of 2 from  e;3¢;‘

that of Thon but also from that of Heldenrelch .he‘h’t,é ;;"‘

\f'~.‘; \ :‘- 3_,,_..“
comblned phase delay is h'-"”‘%:tfn. .,-:vJ



-

, resolutlon, can‘b ‘us

3_,'not1ceable contrast ][f ' o Iiiﬁﬁﬁ*‘]V

a thln,specimenv

Y= @i ot-ar ey L 0 e

Equation‘(25), it iS'probably incorrect, As mentloned

o0

previously,‘Equation (25) has been verlfled by the

v}

| results of Thon (l970) and of Krakow, Downlng and

Co
Saegel (1974) Therefore the coeff1c1ents 1/4 and
172 W1ll be used in thls the51s.r/They are also wldely

accepted in ‘the llterature. 0

Spherlcal aberratlon, although 1t llmlts the

to 1mprove cohtrast Consider
n whlch only elastlc scatterlng is

important. If Only the central beam is allowed to

contrlbute to the 1mage, the 1nten51ty would be essen-»

tlally unlform. The scattered beams are all very weak

and excludlng them is not sufflcrent to produce

-1f the central beam and one dlffracted beam
ar;;:?}bwed to contrlbute to the 1mage, then lattlce
frrnges can be obtalned “Thls can be shown mathema—

tlcally by con31der1ng the 1mage amplltude as the sum

,vof two beams._ f'

19

S 2.4 Lattice Imaging; Phase Contrast and bptfmum Defocusi‘



is. to translate the 1nterference pattern. Thij shows - |

20

V= A expli(6,+y,)] + B SxplEZgxre gl -0 (29)

‘- s M «
- N \

' Here A.is;the'amplitude'of'the cghtral beam, B that

Ve

}of the diffracted beam, Thelr 1n1t1a1 phases are 6
and Gg.» yo“and Yg are the ‘phase Shlfts due to spheri=
"_cal aberratlon and defocus. The rec1procal lattlce

‘ivector of the dlfffacted beam, qg,. 1s in ‘the x dlrectlon.

TXen the 1nten51ty in the 1mage plane is:

-

¥ U

ww* = A2-+B2-+2AB cos(ZWgﬂﬂe +y -8 -Y ) .

AG"

Thus. the 1mage is a 31nu501da1 1nten51ty varlatlon of

:perlod l/g. The effect of the phase X =06_+y -60-Yb

CARCS

the dependence of frlnge p051t10n on thé focus. The =

'1‘phase x has’ no effect on the contrast in thls case.'¢5

'Of course, thls }s a 51mp11f1ed analy51s.. The full :

theory takes 1nto account the thlckness of the spec1men,

the effect of absorptlon, the dev1atlon from the Bragg

f angle, efc.

- If the central beam and ‘two weak symmetrlcal

"‘dlffracted beams are transmltted, w;th the central beam :

I . j

L }‘on the‘oalc ax1s, i. é., e yo=0, o
A dE "l.f -'+ ’+'};,+«:, ~;i« axta sy 4,‘-A,.
PRB plslaroxieing) 48 sl ate_ gy )1+

 The amplitudes B (B << A) of the diffracted beams are



f‘fwhlch calculates thrs phase Shlft, is P

| 'ftFLgure (6) for various values of defocus.j_ -

_assumed egual, as are their-phasé_shifts; Bg==6_g{

Yg:%bY‘g' Therefore"' | 4

o 1=a%4 4B2c052239x + 4AB cos2mgx cos(6§+yg).
O -

’The 1mage contrast contalns a weak contrlbutlon w1th
fper10d1c1ty l/2g,‘and a stronger contrlbutlon of .
perlod l/gﬁ The v151b111ty of th1s stronger contrl-'f,

butlon is however cpntrolled by the c051ne of the phaé&

ip-Shlgt x 8 4-y . Thls arrangement of a pair of symme-‘

. g. .'g
‘trlcal dlffracted beams 1nteract1ng w1th the central

beam is called.phase contrast The foregolng analy31s

"ls found in Heldenrelch (1964), page 138 Of course,

'.._one palr of dlffracted beams does not add very much

- 1nformat10n to the 1mage, so as. many pa1rs as p0351bleit

should be transmltted

To produce phase contrast " the- phase of the f,;

‘ifscattered beams must be shifted by T or some mulyiplej_
.”’rthereof before they recomblne w1th the central beam. |

-fD1ffracted beams suffer a phase shift of approx1mately;“
:: n/2 on belng scattered (Halne, 1961, page 78- see a150'f
: 'Flgure (5)), and additional shlftlng can be produced '

by Spherical abErratfon and defOCUS-.~ juation (25)'rfd

otted in
vz

21



i°ce-'

~an 1mage Can be obtalned w1th an optlca

«(See Appendlx I)._ The lnten51ty patter -

"aidFlgure f3l).

f"5(30)- BUt Equatlon (30) 1s equlvalent to r'.*?“

- In general, cbntrast is maXimized_when’the total

- phase shift of a-5cattered'beam is some multiple of T,

X =".;-l§17i~r- Y = —;§1T + (Zﬁ/)\) (%CS a4, - %Af ‘az) =nm _. . (30) |

where ,n‘ is-an integer. ' Thus 1f a thln )

'fllm of amorpnous carbon is’ 1maged rays scattered at
5 angles whlch phase Shlft them approx1mately nmw wxll ;v
dproduce contrast while those scattered near. (2n-l)n/2
'lw1ll not produce contrast But«af rays “at a. certaln -

angle do not produce contrast then the spatlal perlo—'

d1c1ty d l/a*assoc1ated w1th that angle w1ll not

appear in, the image. The Fourler transform of such, j"'
R :

f he trans-'

1ng WLth llghter rlngs- -The brlght rings corre5pond #f

'[to those angles whlch produced contrast, the dark rlngs'

L Wlth perlodlc specimens one deals w1th dlscrete‘
e beams and for maxlmum contrast the phase shift of a/"”'

'.‘beam scattered at angle o should also be as 1n Equatlon -

22

dlffractometer.fh

‘ “form con51sts of concentrlc rlngs. dark rrnges alternat~7'u

‘.1correspond to those whlch d1d not ‘FOr an example see ;;'



\Using d T‘A/a, this becomes

jtransmitted

. cos. x= cos [~k%T + (2ﬁ/>\)(;sCS' (14--'Afv u2/2)}],=,i‘1 . (31)

Thus'plotting COS‘X ( or sin y) against a for fixed

‘Cs and Af is one way of determlnlng at whlch angles
'beams w1ll have the proper phase Shlft. "~ Another way

: ':lS to solve ‘equation (30) for oz

i(Af?.f'Cs(znfi)k)ofs IR

.Cs

[

N

. - e . o a a | v’”v_;
g = 1* _ég,_r‘[ (2n+1) A]o 5 L (32‘?» |
R S st "] . |
' C.7 . 7s il B
“'fA plot of d as a. functlon of - defocus for C 1¥s1'7-mhc

LlS shown 1n Flgure (7) ' The solld llnes are llnes of

_t'maxlmum contrast. Between these, llnes of no contrast

L 2

fcould be drawn. For a certarn defocus 1t can ea511y

‘.be determlned whlch rec1proca1 spatlal frequenc1es areffc

v

. -ftransmltted, whlch are not, and whlch are’ partlally

The phase contrast method 1s to haVe as many of/f«-f

o the hlgh—lnten31ty dlffracted beams as' possible trans‘ttt
jrhrymltted with maxxmum contrast, 1 e.-to have them phase :
'°5ishifted by nﬂ. For alfferent defocus valueSuthe phase
fo;shlfting at different angles varies.; Examples are glVen =

;M"ln Flgures (8) and (9) ID NQSt cases the optlmum



@

.

-

U‘conditionS‘are obtained when the defocus is adjusted:*'

¢ ’ []

'.so that cos X has a. shape such as in Flgure (8a)

Y , .
Then all\beams falllng between al and a3 w1ll have

a correct phase Shlft of approx1mately —n, and thlS
reglon has its max1mum extent Any beams falllng

between a3 and.a have the. Wrong phase shlft they

"w1ll produce llttle contrast._ Those falllng between
v-aé and as have a phase shift of approx1mate1y nm,

Fnamely, i = 0 but it is opposite to that of the o

Reglon I beams.. The contrast produced by the two

reglons w1ll tend to cancel.» Thus the beams of Reglon f.,_ﬂ~

¢

IT. should be excluded from the lmage.' Thls 1s most

'.convenlently done by 1nsert1ng an ObjeCthe aperture

Tfln the back focal plane Wthh excludes all beams w1th -

a> a3.' Then only Reglon I beams contrlbute to the -

'Elmage, but the defocus has been chosen to max1mlze the

extent of Reglon I ‘ The defocus at which thlS optlmum ,

"*h:phase shlftlng occurs (called the Scherzer focus)

",depends on the value of the spherical aberratlon co-V"

Q"efflclent ThlS dependence can be found by the follow- ;'Qp,;”

‘Hllng argumentf»

"]-at the angle a is approximately -5w/4. The point
o jaz,—Sw/4) 1s then the mlnimum of the x(a) function.ﬁ

f"jfTherefore set

- A

'
T

When the defocus 1s optlmum' the phase shift t_j



dx/da (27r/A) 2 - At =0
“then fh' _
Then eet- :A SR "
-'TT/2 + (21r/)\)(lgC or. —%Af ; ) —51r/4
':¢s»Af /4Cs‘f'Afy/2gs"~’3A/g . L
‘Af /Cs;fu3A/2:’v-

£=(15a %% ¢

: is »the'optimmh:'defocﬁs.. See Flggre (10) The"'result‘;

‘a}fls the same if Equatlon (28) is used : _?', :

. 25 ) Tfanéfer Theory~

"_‘ The 1mag1ng process in an electron mlcroscope :

fcan be descrlbed mathematlcally by con51der1ng thejfﬁl,»
inltransfer of 1nformatlon through succe551Ve stages of
t”t‘he mlcroscope (Cowley, 1973 Lenz, 1970) The effect h»;

:‘that a. specimen has on the phase of an 1nc1dent elec-‘

k3N

ftron beam 1s glven by the transm1951on functlon .f.fa

t(x.y) = eXp(~10¢(x,y)) 1 - l°¢ ithfaayiséieifeﬁii

13 B :
. S

u“7{for o¢ small enough. Here the assumptxon 1s made that

© 25

'““}gﬁthe incident wave is planar and haS an amplitude °f 1’ Ah;’:ef



M

, j'respect to a. beam that does not..

‘7Pattern:- : -d]d];§j~iu

- i:'..:":.v‘-_'where y = (2“/1)(%(3 ﬂ

Y X h ' (S

Vo " o
-and that there is no absorptlon in the thln speclmen.

, ¢ :
¢(x,y) 1s the electrostatle&potentlal of the Spe01men

proyected in a-plane perpendlcular to the electron .

"beam. o ='n/VA is a constant.‘a begﬁ experlenC1ng

the potentlal ¢ w111 be phase shifted by a¢ with

[N

. The dlffractlon pattern that 1s formed in the '

'back focal plane of the objectlve lens is the Fourler'

-

transform of the transm1551on functlon' 'rj

-
.

Eluv = é’é (£ () = ”_t"(x‘,'y)exp _[f-znf; <u_;<+vy> Jdxdy -

. oyt

¢

'26 ‘. .

Ideally, the 1mage corresponds to the lnten51ty ff'

f;of the anerse Fourler transform of the dlffractlon

w(x Y) .?[F(u v)]

e

4"319 modlfled by 1nstrumental defects and condltlons suchjf'~
‘pras spherlcal abérration and defocus.- The objective };h

x~fizaperture also affects the functlon._ Therefore

ffWkX;Yi;;laélFfﬁ;§ife#P(iY)féfﬁtﬁtr;~?:{xﬂie

‘w»..vg. R R S

: 4

. ".\

S :

'*%Af a ) as before and A(u,v)—o}f”

.W'However, between the specrmen and the image, the wave_?."
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e . . .
‘ . : £ e

'aperture fﬁhction'zzlAif tﬁeibeam isvtransmitted: 0.
if the beam is blocked. = Therefore

oy glstu,v)exp(i0)A(0) - ios (u,v)exp(iy)Aln, V)]
or jw-(x',Y_)-_‘.= 1-icamf,(u,v>éxp<iy>A<ué.V>1 .37

If all. scattered beams are phase shlfted by

. ]

#}%Hf"/zl and ‘are transmltted then
S Lot = - ¢<X/¥/M> em
| .TﬁF‘inteéSfly»inthei&agepiapeis,ﬁhowéy;r,‘ |

’ neglectlng hlgher order terms.» Thus the 1mage oontrast,t

-l

:'fln thls approxlmatlon corresponds to the pro;ected

'.ielectrostatlc potentlal of the speclmen. Electron phaseQ;eJ,f

;contrast microscopy attempts to make use Of‘thlS rela-"‘

VELthonshlp bY phase Shlftlng as many beams as POSSlble .:V |

A '-"J
W .

'L,fby ﬂ/2 and excludlng all others..:7§-

. >-\‘:

.fﬂzis;:caromaeicezbéfrafxaﬁr;.;5*;* :

It 1s also necessary to con31der chromatlcv."’”“

"7?Qﬁfaberration because it tends to degrade the resolutlon.v?*lf;:?u

'”:?The foregoing calculatlons are the Wideal" achromatrc

_,,;;;;aPProximatidhs. Chromatlc aberratlon occurs 1n an



¢
R

' to the'blurrlng.» i

‘-,electron mlcroscope when the electron beam 1s not=

;

'fperfectly monochromatlc. It cannot be completely :

s /,.\,«

ellmlnated because no practlcal achromatlc magnetlc

'lehses for hlgh resolutlon work have been constructed
.‘to date._ Also, the electron beam Wlll never be

fperfectly monbchromatlc because the electrons hé}

R

i Ua small energy spread (about 1 eV) when they escape

ﬁffaCCelerated to 100 keVpsso the energy spread 1s only

ﬂ 1n 10S but thrs can produce 51gn1flcant blurrlng

B h

lf the 1enses are not PrcPerlY designed-” Small 1ns~i5l'

4;*, GUE 3

tabllitres 1n the acceleratlng voltage also contribute

.F‘f‘; -

e
60

When the electronﬁ pass through the spe01men,

'”ifﬂ'some are 1neléstically scattered, 1ncreasrng the

”fzfrom the t1p of the tungsten fllament v They are then

-w-'

28



= xv/1° S )
‘where V is paf-reiativistically c0rrectedjaccelerating‘
;voltagelj I.is}the'lens curreht,-and'K is a‘constant; '

E,BY aifferehtia?iFQ{ he;gEts .

=.5(AV/V_;'2;Ai(1)_;‘ ;:: f‘ .‘ “3 1 (Aij.a
;To excend ﬁhié3to eﬁrcnéaleaéeskcbe::epiaceé.ﬁ_by Cé:’
sy ezam .

By using equation (13), this caﬁ”be‘COQVertgdetQ:}

© MR = MaC_(AV/V =2 AL/D)
V.:ofi~*liu )
L. Ar

7g’¢¢4Av/v f,z;AI/i)Z;;f» ';_..co‘.. (431

'53E1—Kareh and El—Kareh (1970) on page 281 derlve a

"sxmllar formu1a°-"e3_7,*‘"f“ 

R .=;ac;f:<‘Ai_<r/.v ?fz:.,Aa'/pma L

VQfafwhere B 13 the maxxmum value of the magnetlc fleld of

'~j{ffthe lens.‘ AB/B can be replaced by AI/I 1f the lens

'*i;ijls not operated 1n saturation., Equatxons (42) and (43)

o

1. In 1ens equatlons relat1v1at1c effects are most con—‘;;7

-ificfvenlently taken 1nto account by u81ng a corrected acce—fef%*,-v

.*fcjflerating VOltage rather than the corrected electron

zhwfmass.' ﬁiojfiL4oflw

U




 imély“£het the circle of confusion due tehchromatie.
aberfatieh‘can be eliﬁihatedeby adfhstingfthee ~&'

. instabiiity'ofvthé.objeetivellehs fo cempensate?*
}erithe voltage instéhilities. LAlﬁhoﬁgh-this is
hethebretiéaily‘hcssibie;fer'a single electren,,it“

is not‘pessiblé:ferba-gfoﬁ? of electrenstithve

frendom'ehergy spreed "_ - |
Helnemann (1971) and Vorobev(?hd'Vyazigin-,

-

'.(1967) state the formula as
. ‘ﬁ' .

of ='cé(AV/v +288/B) , - (45)

. ’both w1thout justlflcatlon. - |
Hawkes (1972), page 68, glVes the objectlve

1zlensfcd vuxyﬁ“i, to the chromatlc aberratlon as’

‘g"Heiaénreich”(1§§4jﬁgives:thefequa§i¢nj5}5'

2.0. 5 T T S
a[(AV/V) + (2 AI/I) ] &§47)},--

‘g:Thié"appa« ly comes from statlstlcal error theory,

'e[fas derived for example, in Squlres (1968), chapter 4

”’7fn}gApplying 1t to equatlon (40) glves

(Af/f) (AV/V) i“‘z”AiZi}‘jfe;:v



Extending to strong lenses:.
e 2;.'.4’ . 2.0.5
CBE = c_lav/v)C + (2 AaT/T) 17"

_ . ,

¥

This seems to be:the'most:reasbnable approach,_sinpe'

it assumes -that the two effects are'hotVCQr:elated,

.

. 48y
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CHAPTER 3.

EXPERIMENTAL PROCEDURE

C 3.1 Specimens.and Speclmen.Preparation

v:breathlng on it to create holes. When the f»

~

‘ All the spe01mens used were mounted on copper

'grlds whlch had been coated with-a Formvar fllm ‘and

vacuum—evaporated w1th carbon. The Formvar fllm is

producéﬁ by dlpplng a mlcroscope sllde in a solutlon

. - :
ofao 125% by welght Formvar in chloroform, then

/\r_, . // . 5

) . 2

=floated off and mdunted on grlds, holes dow to

05 mlcron dlameter are found These are useful for

’ .

.astlgmatlsm correctlon 1n the mlcroscopea --he 1arger

vholes allow spec1mens to- prOJect over: the edge and be

2.

“studled w1thout the 1nterference of a substrate.

o

The maln spec1men used was BlOCl’ blsmuth

';oxxchlorlde.- Thls 1s a tetragonal crystal with ,“

0. 7347 nm and a‘= 0.3883 nm (Crystal Data Deter—'

N‘mlnative Tables, 1973) A dlagram of 1ts structure o

i

’.ltlls glven 1n Flgure (12) The heavy Blsmuth atoms
H;(atomlc number 83) are O 2746 nm apart. The BlOCl
‘ﬁcrystals were prepared by saturatlng a small amount
'5‘5(10 ml) of HCl aC1d w1th BlC1§ (Turner,_1965) é&o"
:ﬁldrop of thls solutron 1n*a small ameunt of dlstllledm_'fif

f'water glves a whlte prec1p1tate of BlOCl crystals.

AN -



poEs

“(CRC Handbook 1972) _ {u‘7,iy¢rg f]" ‘j ,sf$5 e

The‘heavier particles quickiy settle, but‘the small,

useful ones. remain suspended 1ndefln1tely. AAwdrop'

of this suspen51on on & holey carbon coated grld

dep031ts ‘the crystals. The*small_cry‘tals are often-

, . N -
platellke and thln.'vThey tend to sit on the-speCimen

grid W1th their c—axes'approximately pararlel to .the

. optic axis,uwhiCh is'the preferred orientation;”

Under electron 1rrad1atlon, B10Cl crystals ‘do suffer

damage, but they do not become amorphous, rather,_'
kthey develop "patches“ whlch seem to be thlnner than
the rest of the spec1men. ‘These can»be seen_;n_f

Figure (13).

Magnesmum ox1de crystals were also used exten-

sively., They were prepared by the standard method ofv‘

burning magne31um, 1mmer51ng the ash 1n an ultrasonlc

’bath, and dep051t1ng a drop on a prepared grld {Th?“r

structure of MgO 1s the face—centered cublc structure’;

of" NaCl. The lattlce parameter 1s a=0, 42117 nm

33

Other spe01mens examlned 1nclude th1n amorphbus o

carbon fllms, partlally graphltlzed carbon (lattlce

o

~,spa01ng 0 34 nm), blOtlte, and muscov1te. The thln \ -

f‘amorphous carbon fllms were prepared by evaporatlng

mfarbon on, mlca, floatlng the fllms off and mountlng

ﬁhem on grlds._ Blotlte and muscov1te are mlnerals “f S

‘?j‘:éV B
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tbelonging to the mica group. Theyfare.monoolinic
double-sheet silicates with unit cell axes of

. : - : :
a 0.530 nm, b = 0.921, ¢ = 2.006, B = 99°3' and

-1

a 0.517,'b,= 0.894; ¢’7,2.012, B = 98°6', respec-
'tlvely (Bragg, 1937) B8 is the angle between‘the a

ahd c axes. ‘The two substances are almost: 1dent1cal.A
._thexonly'difference is that muscozzte has aluminum.

~ atoms blndlng its double sheets together, whlle in
‘blOtlte Mg and Fe rep}ace the Al The speclmens were
.hsuPplled by Dr. Lambert of. the Geology Department, .

Unxver51ty of Alberta.

3.2 calibration
_ When attemptlng hlgh resolutlon work on an f

..electron mlcroscope, the varlozz/sarameters must be

o carefully controlled Therefo a callbratlon of the

'.

11nstrument is 1mpoxtant.,gA JEM—lOOB electron mlcro—~
-scope was used in the n%rmal transm1s51on mode.(.Ah.
a'hlgh reSolutlon po;e plece yas substltuted for the B
Anormal pole plece.A The high resolutlon pole plece '

' ,_has a narrow bore and doeé\izy permit the use of a.

-hj}tllting stage. To obtaln a crystal at a’ certaln -

. - . \
- orlentatlon, the spec1men grld must be searched untll

,'one 1s found
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~

In order to flnd the best condltlons for hrgh

' resolutlon work the callbratlon was- done for a range
of spe01men helghts wltﬁln the ob]ectlve lens., Thls'
was done usrng a z- stage-'a specrmen holder with whlch
the spec1men can be ralsed or lowered by a screw

| mechanlsm.: The length of the specxmen holder wasv
measured to obtaln an arbltrary parameter of speCLmen
‘height, See Flgure (11). The object1Ve lens current
ofor the 1n-focus spe01men was also monltored w1th a. 571 fﬂv

Hewlett-Packard 34GOB d1g1tal voltmeter._ The voltmeter

- has an accuracy of +0 008%, a short term stablllty of

‘-.SOOOOOX._ Therefore it was measured using lattice

'v-O 004% and a long term stablllty of +O 012%b1n the
vr range 1n whlch 1& was used The voltage was meisured
ejfacross the 1 ohm (nomlnal) reference resrstor o the»?
. jobjectlve lens\ammeter.zgh A

i

: *3;2.1-_Magnifi¢afion:‘ e

Once all lenses are set to.obta%n hlghest magnlegll
flcatlon, only the ObJeCthe lens current lS adjusted’
"to focus the image.“&he amount of objectlve lens
}i current necessary to achleve this 1s dlfferent for

-Zdlfferent specrmen helghts. The magnification also

_;changes and does not remaln at the nomlnal value of e

.;?images of BiOCl., These were obtained by the standard

B




':metthtOf tilting the-illuminationkso that the opticf .

.-ax1s is mldway between the central beam and one

- dlffracted beam, in this case a (llO) spot :The

(llO) 1nterplanar spaC1ng is 0.2746 nm. An optlonal

method is +to tllt the Opth axis untll lt is equl—

"dlstant from four spots such as the (000), (110),- -(1'1'0), :

o

»and (200) spots, as 1n Figure (14) It 1s then p0551ble

,to obtaln perpendlcular sets of (llO) reflectlons as

well as €200) fringes at! 45°‘to them. The~lattlce x.’

1mages from both methods often extend for COnSLderable

"dlstances as can be seen 1n Flgures (13) and (15)

o

Thé frlnge Spac1ng can therefore be measured extreme}y
accurately w1th a travelllng mlcroscope.‘ -

The magnlflcatlon, determlned malnly from such

'_‘measurements, 1s plotted agalnst objectlve lens current

7'1n Fxgure (16), and agalnst spec1men helght in

Flgure (17).‘ The lattlce 1mage spaélng on some
fmlcrographs was’ obtalned lndirectly y using an-

' ptlcal dlffractometen (Appendlx I) Thls lnstrument

i'produces the Fourler transform of a mxcrograph, so the

;- gs1nu501dal fringes produce two spots whose separation.'”
. ] 5
- gls 1nversely proportlonal to the frlnge spaclng.. Thls
".lmethod of obtaining the magnlflcation, though not as

P R

;faccurate as the travelling mlcfbscope, 1s especially

‘-

ei;fvaluable when tke lattlce lmages are faint. T

V_;) C
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~ “The data shoWs scatter mainly because the

tringe'spac1ng can‘vary 1f the dlffracted beam is -
not‘in the exact Bragg condltlon, as was mentloned
rnuthe 1ntroductlon.  For examplei-the two data,
;:_1polnts in boxes 1n Flgures (16) and (17), at" a
. current of 0 75043 Amp (helght 5. 24833 cm) were
.i'taken from the same’ micrograph = two different |
:"~;hreglons of the same Spec1men.} The frlnge spa01ng
changed contlnuously from one end of the spec1men

N

“to the other. Other reasons for the scatter of the .
fdata 1n Flgure (16) are: ;;;if' | e T
o Vhl.'The accuracy ofmthe reSLStor across whlch the'
”f.lens current is measured 1s llmlted ;tsliiigjqch
;‘.éj'f're51stance w1ll fluctuate sllghtly because N
"rof temperature varlations.uf
.ZZgﬁThe obﬂective lens has hystereszs. ASwa”ﬁ i
hllresult various values of the objectlve lens f'f‘ s
,ig-current may correspond to the same magnetlc
t{“ffield strength of the lens, and vice versa.{ erf?-f'
Tﬁf}The magnetic field, after all, does the L
.,‘?v;cg:;;;f;;?; _elmaglng’t”fvffhf”ﬁ ‘, .r “'g a o
J"fOn the other hand, using the length of the specimen

'”_::‘,".‘.}',_'holder as _‘aumeastﬁe Of the magnet,ic field When». the
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2. The Spec1men grld maybbe.uneven.-fr
%/’The speC1men holder may not sit at exactly
the same helght each tlme 1t 1s lnserted
| (sometlmes due to dust in the_m;croscope »
‘ . "~Colmqn) - o o w -
: 4., The mechanrsm of the z stage; together w1th
_ the mlcroscope tllt controls used to manl—»
i;"'pulate lt has a certaln 1naccuracy. g‘;” ;, I ’ffo;
'S;vThe length of the speC1men holder 1s dlfflcult :d“hv.
dh’fto measure precxsely.n; | | - L
:Theitotal uncertalnty, obtalned from the graphs, 13
about +2%-1n both cases.‘ It was deCLded to use the

7‘ objectlve‘lens current as the magnetlc f1e1d stren».

S

parameter for all callbratlons, srnce the length

_ measurements are restrlcted to one speclmen holder..f'“

HNF; 3 2 2 Camera Length

The camera length also depends on the magnetiC';

field heeded to focus the image.‘ It was measured in‘f

order to be able to 1dentify-the varlous diffracted

.‘-"“4

v:idq]i* PL, beams that’wer }obtained T "camera 1engthfsetting ;ﬂﬁ‘lt
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3.2.3 'DefocuS'DependenCe~on'Currentuéhange5

The 1mage contrast in hlgh resolutlon work

‘»:depends crltlcally on the focus of the mlcroscope.b.:.ffl

Ny .‘

fThus 1t 1s necessary to have some means of monltorlng

| *,_;are manlpulated.- One method of obtalnlng such a e

)

"-jcallbratlon ‘is. to actually change the specrmen helght fi'

"F;,a small known amount and to record the dlfferent lens .

5thhe change of focus when the knobs on the 1nstrument f,<h?

:-jfcurrents necessary to focus the Spe01men at these ;_,js"ﬂf

Cr _;he:.ghts, The change 1n :Eocus (1 e-. the change in.

‘f;change. Spec1men helght 1s plotted agalnst obgecthe

;&cwlens current 1n Flgure (19).» The slope of the graph

;fjtfthe data._ One way to approxlmate_the slope is to fit

'"wfﬁf§5§ftﬁqvfitte:{cﬁrve:rvThls is thebdashed ine in

5;he1ght) can then be found as a functlon of the current,jﬁljg'vf-7

j;o,ls the required dependence, 1 e., af/al However, the*f'fA

'}vslope 1s dlf 1cu1t to ]udge because of the scatter of aijjgifrihv




A‘-M.r-; Since one 1s.frnd1ng small dlfferences,>such ‘ Q;;),,f*
"fdata has a 1arge error. Ther&fore another method wes
e tr1ed , It 1s due to Helnemann (1971) and 1nvolves |
L Cjdgmeasur:mg the lateral Shlft 1n theflmagezplene of_agr~v,
z;off—ax1s beam as the objectlve Lepe:eurreer'is}cﬁengedg:'
'-Thls Shlft AR/AI is, related to th§¥§9§us;chaﬁg¢fsy;'ggfi. i ‘.,”'

.equatlon (19).,_ff%-”‘w"

o ‘ : . s e .

R foAf_a[f';*fv‘-5: ';;, E T

"‘gTherefbre* f5_}]1”:,.i';ﬁi-_g-;.#1«Q

SN

Af(AI) AR(AI)/Ma,. o %""'f:*?fﬁrf7ﬁ;£5°)‘frr"
K*ifrAR was measured by uaing the varlous dlffracted beams’ee;f'
f‘riffof MgO crysta15-~ Photographic pletes were doubly

&:}ffjf}: ”qfexposed to One dark flEld 1mage at two slightly | ﬁ;[;w;'jfr;n

f?;';3;jgg§jdifferent lens current éettings., Suqh mlcrographs

’“¥fff are shown in Figure fwl).f The7accuracy 15 limzted '-7" S
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The results of the calculatlons are plotted
{fas c1rcles on the same graph (Flgure (20)) as the
.values obtalned by the preV1ous method It can be |
‘seen that the Helnemann method produces results w1th
”’less scatter. The SOlld 11ne is a 1east squares flt
to the c1rcled data. However, comparlng the two sets '

',‘of data suggests that a systematlc error 1s 1nvolved

tftiln one or the other of the two methods. @}h?ytt'

Helnemann reports an error of +2% for hlS

"'data, whereas the c1rc1ed data ln Flgure (20) has an R
-f,accuracy of about +5%.~ However, Helnemann used two

7.symmetr1cal dlffracted 1mages for hlS callbratlon.4

No such properly orlented MgO crystals were found,

'3flfdand the hlgh resolutlon pole plece that was used dOes

"l"‘_:nOt allow tlltlng. s ‘ [ - R

":.i3 2 4, Defocus Per Cllck

tﬁf;f?click-type knobs.if

o Di_,‘

The‘objectiVe 1ens current 1s controlled by 5

A cilck in elthet dlrectgpn slldes

d“gjcontacts_ac S5 banks of resistors to the next contact

?’,.
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The change 1n 1ens current per Clle of the\

‘fT(;~”fef finest knoh 'is too small to- be measured-’ -even 22 -

V‘. h” such ClleS (the maxlmum) change the 1ens current .,, |
'g,ffff{e.' by only about OOQO3 Amp.;_But that is on: the llmlt o
h’.of the stablllty of the dlgltal voltmeter.' A solutlon
» .vto this problem was found when lt was notlced that the:,eih
~h:;uﬂﬂf‘f.  general shapé of the graphs 1s the same for all the‘
| .v _ other knobs,’and furthermore, that the ratlos between
ihiif”Vﬁi_i them are constant.v A network analy51s of the ob]ectave
_ _ 1ens foCu551ng c1rcu1t conflrmed that thlS should be so.f;
i? ?Qa£?~ See Appendlx II._ A manual check of the values of the :;ﬁ

resxstors 1nvolved made 1t possxble to calculate thesei*

a-’."av_ . i . :
[T

ratlos.A (The resmstor values an the CerUlt dlagram
?fff{f:vfihh supplled by the manufacturer were 1ncorrect ) The
'”*f:calculated ratlos, whxc agreed w1th the avallable

Ffﬂffo}iiﬁf empirical ratlos, are glven below-’ o

¥ B

'":*vhhbkatlos of‘the 1ens current change per click SR
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The lens current change perlcllck graphs were‘
hithen comblned w1th the AR(AI) graph obtalned by the .
"Helnemann method to glve a focus change per Clle B
graph for each knob These are plotted in- Flgures

(26) to (29) ‘ It 1s 1nterest1ng to note that, except

'f'rfor the dlscontlnulty, the defocus values per Clle

are constant, w1th1n the error llmlts.: The error is j"' |
f;estlmated to be‘+10% . In the range of 1nterest (around

.77 Amps) the defocus values perécllck are-

medlum knob:flz 3 mlcrons C
fine medlum knob h.97 mlcrons
.'"1l second flnest knob-[SS nm . gh’lv_lx_j'”

"Ql“ﬁ;éff{' flnest knob'33‘34~nm-"”'

”L”The nominal values supplled by the manufacturer are,‘

"”}pfreSpectlvely, 14 4 mlcrons, 1 2 mlcrons, 76 nm, and

4.4

‘v
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the upper limit of the chromatic

is a measure oé
aberratlon of; Lﬁétive»lens.; It can be‘obtained;'
.hiby multiplyihi ‘éd line’ of Flgure (20) by I/2
Thelfeaf’-Efiv' gJFlgure (30) As can be seen,
| eg'the“chxié ‘?k”; i;tlon constant is less than 1.1 mm.,
’Theiraoi? e o :aconquLOn c1rcle in the object plane
1Hnduettobch w waberratlon of the objectlve lens can
‘:nowihé:éét; | , Slnce our mlcroscope is well
| zed’ nst voltage and current fluctuatlons,:lli ;
'75ffa¢aa§;n¢§‘tfﬁ #ens probably ‘runs w1thbsone saturatxon N
"atchlghtcurhi f‘h-AV/V can be taken as’ lO s.and AI/I

equatlon (47) and taklng a = 0.01

‘n_ radlans, glves Ar < ll nm. Thxs 1s much less than

the hoped for '1ut10n of about 25 nmJ and can be.

L neglected.h'

3 2 6 .Spherlcal Aberration




parax1al focus, carrles 1nformatlon about the magnltude
-~ of both ‘the spherical aberratlon and the defocus. In».

each mlcrograph the spatlal frequencres that are sup-"
.pressed correSpond to scatterlng angle% a such that
X = —%n‘+ (Zn/A)(%CS‘a .-4§Afva.);=(2n—l)n/2 »
N R o |
or . %C_ o’ - Af o = nA. . - . (52) o
The'Value-of-a~for*n = -l can be found from the Fourler R
B _ ,

o transform of a mlcrograph From Appendlx I the radlus

?&%g“t

q of tne flrst dark rlng of the dlffractogram lS

related to the correspondlng scatterlng angles a by

§}AihM:9/ler'=]cqrf_ ‘ttt- ‘,'dt’e f(53)1.
”:If the amount of defocus from the Gau551an 1ﬂage plane o
is known, a value of C can be calculated from .
C = 20 (Af A/a ) --2(Af A/c q )/c ;',7;a7(s4xkfg.’g-‘~“

It 1s found that the result of the calculatlon_];::f

V‘fyfluctuate54w1dely because 1t is very'sensitlve to the:_hf"

’df”value of q.‘ In’ practlce the rlngs are fuzzy (see

hzﬂ’fFigure (31)) and cannot be measured accurrtely enough‘“fh

:L;to give a rellable value for C .‘,'“‘“ 3

o If the defocus 1s not kﬁ%wn, or 1f lt 1s dlf-f' ‘

v'Lgfficult to estxmate the Gauss1an fQCus, then the defocustg;.;,v-

'\dican in theory be found from two carbon mlcrographs



R
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separated by a small known defocus step e.‘ (This can1
'be eas1ly monltored once defocus ‘has been callbrated
‘as a ‘function of lens current ) An equation canibe

i
set_up fo;veach m;trograph,

, - %Cs.al“ kAf.al. A
o (55)

;QCS az"' (Af+ e)o‘az =oAL,

'_By‘soiVing to ellmlnate Cs, an expre531on for Af can
v o 4 v

'.ffbeifound Unfortunately, the results are agaln.un-
,}rellable because q cannot be measured prec1sely.
'aSOIVLng to’ ellmlnate Af from equatlons (55) produces‘
’r:w1dely fluctugtlng values of C _also.
Helnemann‘(l971) glves a method of determlnlng

gospherlcal aberratlon whlch he found to be accurate to.

v'_5%. It 1nvolves the fact that the ax1al 1mage and any

7;fd1ffracted beam of a perlodlc spe01men do not c01n01de

"d;ln the Gau551an 1mage plane because of spherlcal

',hnfaberratlon.o For defocus Af, the separatlon of the" ‘;pifl_j

S

| axJ.al J.mage and a certaln 1mage, dlffractewaw angle a oo

omeme P owore (5;@:
,‘(ASSumzng that all astlgmatlsm has been corrected ) ;.a;z.,, L

'f}The amount of defocus necessarx to make the tWO lmages

5flcoincide, i e., make AR = 0, ls




"by thlS method are plotted as c1rcles in Figure (32).
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Af = C_ o . o ; - o o (57)
4‘ N . - : .- ) .

If the amount of defocus negessary is measured for a

: C e | , o
=ﬁnown dark field image Cg ‘can.be’calculated, But

.once the defocus is callbrated as a functlon of current
-change, 1t can- ea51ly be. monltored w1th the dlgltal
‘jvoltmeter._ The results of such measurements us;ng Mgo

"Crystals are. plotted as. trlangles in Flgure (32)

Another method used by Hall (1949) was also

tried, For exa?;/?arax1al focus (i.e., Af=(n,equaﬁion

(46) becomes

U omiwe d. e

:Thus'a ﬁnowledge of“‘m-'= }26b and of M, and a measurement

'of AR at Gaussran focus, enables one to calculate C ..

:Gau581an focus 1s estlmated by the absence of Fresnel. |
b»ifrlnges 1n}the dlrectlon whlch the dlffracted 1mage

bmoves.' The magnlflcatlon has been callbrated and a is.

found from the dlffractlon patterns. Examples of such

'Magne51um ox;de crystals were used because of thelr

"relatlvely sharp diffractlon images.‘yfj_~ff*\' ff’ ~

. q

measurements ‘are seen 1n Flgure (33) ' The data obtalned"vl'

ﬁE”;H

Qne problem encountered was that the maqnitude'_j':

(

‘;'of the separation AR was’ affected by the adjustment of

o

fthe condenser lens. Wlth the 1lluminatlon def03ussed,

e e e

r‘a’

e



the separation‘nas sometimeSIChserved to change'as-‘
the illumination,nas moved aCrcSSfthe'speCimen. |
. Withuthe_illuminaticn fccussed“the effect nas_notj :
obserued. noweQér, it probably‘affected the separa-
:rtlon and is. one reason for the scatter of . the data
p01nts. It also affects the measurements by the
prev1ous method The scatter is larger for large
objectlve lens currents, when the dlvergence of the
_1llum1nat10n is hlgh Another source ﬁf error was
:the dlfflCUlty of judglng the separatlon on the deve—
loped m;crographs. From the graph the data has an °
f‘error range of approx1mately +10% - As can be seen,
.hthe spherical aberratlon is- not the same at all
:Aobjectlve lens currents requlred for focus at dif- -
;]:ferent specimen helghts, but decreases at hlgher 1ens

v P - 5

lexcltations. mf"
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CHAPTER 4

L4 .

o Discussiou_
Once the 1nstrument has been callbrated the ;l
;best 1maglng CondlthnS must be selected The most f
ﬂlmportant parameter to consxder is the spherlcal |
.aberratlon.’:ﬂ ’h"‘ iﬁ‘h:' t.”"‘lv'~V L , _;Vt“j
| For the JEM—lOOB the manufacturer supplles at-fn
";value for the spherlcal aberratlon cOef§1c1ent of |
';1~4‘mm : Thls is for the hlgh resolutlon pole brece.}A
";when it is used w1th a standard speclmen holderrdh“ :
'Howeltr when a spec1men held in a standard holder .
*1s focussed the objectlve lens current reads about “#
715 Amp._ From Flgure (32) it 1s seen that for a |
" current of 715 Amp,‘the spherlcal aberratlon is
ffactually about 1 9 mm.- To obtaxn a smaller value,.»t
._hone must go to hlgher currents - pushlng the sgeclmen

._farther towards the center of the objeotive lens..-a'

”u;'Thls 1ncreases the objective 1ens prefield - the part

;sfi_Qf the objectlve lens magnetic field that comes beforg*hv

‘;lthe spec1men. A large prefleld causes the divergence ‘_"

.j?of the 1lluminat1ng beam to be very large at the d

"lvspecimen. That is not acceptable for hlgh resolution

»'_!work because it invalidates the projected potentiék\

"¢approximation which assumas that the Llluminating



S0

"7ﬁtbe used.,,'

'1“110
,ndeflected beams will f1t into Regxon I. Quite f¢fﬁ‘,}"

radlatlon 1s planar. Defocu551ng the 1llum1natlon

does 1mprove the dlvergence, but 1t also reduces the

A;brlghtness of the lmage considerably.k Settlng the
| sobjectlye 1ens current to about 77 Anp keeps the
edlvergenCe low whlle C decreases a.. little to about
'"ﬂl T mm ThlS was selected as the optlmum helght for .:j

:fhlgh resolutlon work

The transfer characterrstlcs of the mlcroscope

»

1 for C _= l 7 mm and optlmum defocus of 97 1 nm<are

&

descrlbed by cos X as 1n Flgure (8a) In order to

*.i‘make use of the progected potentlal approxrmatxon, as

K ,many beams as possxble should fall 1n Reglon I, and

an objectlve aperture should be used to eliminate any

-,‘beams wrth scatterlng angles greater than a3 = 0 010
';radlans.i Alternately,‘lf some beams fall 1n Region/I TR
o SR
,‘and some 1n Region III, but none between, then a larger;s

,-%A S

. For BiOCl the smallest scatterihg angles are
= 0 0135 and 3200 = 0 01906.: Not even the least

'“f"obviously, this makes the optimum defocus,useless for

'“4r_obtalning structural llformatiqn about BiOCl.; Even

'njobjectlve aperture excludlng only a S a7 = o 0125 can‘ftﬂ_j; L




o1

other defocusvthan the: Scherzer focus. For Af 186
:gnm and Cg = l 7 mm the transfer characterlstlcs are h ;;:?:f
',:as in Flgure (9a) The 1dea is. to have the dlffracted

; beams ln the reglon 0078 d 0125 radlans where
L;they would have a phase Shlft of approximately nw._h;ffvl
'e;;Such reglons occur fer‘_ “T{'f i_ -f.u 'Q‘T ' .
Af = (ACS(ZMS) %%, L an mteger I

N

'e‘They occur at larger angles for successxvely larger
'-2"defocus values._ However, they also become successively
'ﬂu};Aiz‘-narrower at the larger angles.v It can be seen that 3J,:*=1;3

’fisuch a defocusvwlll not*work for BiOCl beams"the B
hreglon is already too narrow at this defocus.. A loWer,f‘“
<‘lC value of 1 0 mm would glve wider regions, as. 1n/‘,;i'ﬁ
\erigure (9b), but they are still not wlde enough._, flf.n:
: ": The sheet 9111cates, biotlte and musc%v1te,l@i”-
:__jwere also brxefly examlned._ It was found that elec-~fﬁ”':'
lftron irradlatxon easily damages bxotlte.i It becomes
v”"‘-“?'amorphous m less than five minutes even at 1ow ma,g- *-‘
fjnificationa-';l};ﬁj;,{?i;a}'f;‘”*" r._ | .. | g S
‘_; MusCOv1te, however, d1d not damage quickly, ?;?fg;u*[f
;”eexcept for very thin specimeps. Its lowest order '7f?g;7;ﬂ'

'Eka?ihfiffribeams, when’in the'[001m orientation, are aozoe 0 00820,
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“ecentral spot are transmltted, then a pattern of 3— f

fold crossed lattlce frlnges can be obtalned, ag 1nﬁ ;gf
ﬁl;Flgure (34) Such a pattern does reflect the basxcih:
‘)'perlod1c1t1es of muscovxte structure, but not enough
"t:beams contrlbute to. the 1mage to glVe one-to~one_ffﬂ'

:~lstructural 1nformat10n.. Also, the defocus need not

0

be optlmum to obtaln such an 1mage.' Examlnlng other
‘tfocus values (for example, Figure (9b)) to check 1f
'jthey prov1de proper phase shlfts for more than smx h
_ tdlffracted beams 1eads to a negative result Even

hf_w1th thlS speclmen, the unlt cell 15 too small to be

'1.'ab1e to properly phase shxft enough beams to obtain

”,fguseful/structural informatlo‘,i

\-‘r& .

“ynseopy is limited to materials with large unlt cells

,"untrl lenses with?very lrttle spherical aberration

?hkbeccme aVﬂilable’“’

High resolution m1cro~[hﬁ7.f
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A rotatlonally;Symmetric Optical system
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'lthimutually parallel rectangular Cartesian coordinatesggfff?fx
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' f"Sp‘ecim'en -p"l.ah,e_

‘ Lens,plane_
: Flgure(3) The path of a
-ray ‘AVC 'which encounters e
~spher1cal aberratlon is s
longer than.that of its = . ‘
-‘paraxlal approxlmatlon AVD

G0 Gausstan
R ' 1mage plane“

a

> specinen plane

o

N e

’.MFlgure (4) efocuSSLng
" .advances. ‘the phase®f a .
. cray.  An infocus paraxial
o ray takes the path BVE." @
" . When an amount-of. defocusv
*wf{Af iszlntroduced. the ray




. diffracted’beam - - ' ‘diffracted beam ';441 S g el

" central

‘resultant  central|
. ‘beam IR

~ beam | |resultant =

s Flgure (5) If an 1n01dent beam is phase shlfted by a’ small
‘,{angle, leavxng its amplltude unchanged, as in-a), the resul- - =
‘jtant is the Sum.of the original -beam- plus.a defracted beam . .
-, with its phase: shbfted by approximately 90° with respect to‘§~
-~ thé-incident beam. ' The resultant will produce little .-
,j”CQntrast because it ‘differs very little from the : ‘incident -
. ‘beam, = But if the" diffracted beam is' phase: shlfted ‘by 180°, .
.'>§J1n b), oxr by 0° ‘as. 1n c), the amplltude is changed qulte'j‘~'
"appreCLably.' S C SRR o T A ‘

USSR 3 & - B Lo

e

_, o Defocus = -50nm  0- 50 . -100 150 -
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Figure (7) The transmitted spatlal perlod,lc:l.ts.es as R
- fun,ctlon of defocuS‘ for Cs" 1.7 mm and ‘X’ c= 00037 - nm,
Lo ‘I‘he curves represent phase shif;ts of mr. T

RTAVE
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o _“..".Fivg'_"ur‘e.j (‘9b‘)‘ The transfer functlon at a. defocus of
o 113.8 nm. Coo= 1.0 mm, A = .0037 nm.»§7;;_,, R

50 -

106 - . |




N .

60
L 2
thls part can be length . o
raised or lowered S . R
'actual p031tlon o ;;
of the. spec1men ‘
. . . . Q
Figure“(ll) The z—stage -as lt 1s p051t10ned in the
microscope. column.: The" length was: used as-an arbltrary
parameter of spec1men helght.
[
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Flgure (13) ,uattice 1mages of (110) BlOCl planes

'showing a spac1ng of 0. 2745 nm.,
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_ Figﬁre'(l4)-fThe‘(hkO),electﬁdn diffraétion_péftérniof
- BiQCl showing the position of the objective aperture and

the optic axis for obtaining crossed lattice fringes. .

o

L

1 AFigﬁré (i5)x;beéééﬁiiaﬁtiéé}imééqs-bf'BiOCl5sh6Wih§.the 'ﬂf7

62"

. (110) spacing of 0.2746 rm as well‘as the (200) spacing .

of 0.194 nm,” .

CORRY
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"’UFigure‘(Zl)

"CMgO beams ‘in: untilted darx
051ng_ai(220)”beam-

%\/__m,u R N e S
L Examples’ of defocug dependence determina—-:
tions using: dsubly exposed. micrograp'a of diffraeted
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”}Fzgure (33)L

_ Examples of measurements to. determine i
“-“the spherlcal aberration coeff1c1ent. The. central -
b ad image ‘is in focus in the direction: in-which. the:
. .diffracted beam imageis’ displaced. . Both examples.
'~,,}use a (220) beam of Mgo._ s N
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Flgure (34) a. Crossed iattlée frlnges of biotite:
: strongly in two dlrectlo s and weakly 1n a thlrd
; /
g

7fb. The (hkO) diffraction pattern of blotlte.. The ;
: .>'3—fold crossed lattice fringes were obtained in the -
-, -untilted bright field mode, with the objective . - .
: 'aperture transmitting only the central beam and the‘
sxx lowest order dlffracted beams.., ‘ :

-~




' Figdre‘ '(35) Edge on v1ews of blOtlte (a.\ and b ), and o~
: muscovite (c. and d ). v :
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'THE LIGHT OPTICAL DIFFRACTOMETER o
. 0 >’:. -.. “-.‘ ?;\ - , ’ ,”“.; : : ‘. A.: V v‘ B " | F"- | >~ | ‘. A W

B i

The spatial frequency epectrum present in ahf
Afi;émlcrograph can be obtained W1th a 1lght optlcal %1
}dlffractometer.t The*mlcrograph is 1llum1nated thh
}‘parallel, monochromatlc, coherent lxght The trans- -
fmitted light 1s focussed on a’ screen or on a photographlc
.”e-plate to obtaxn the Fraunhoffer dlffractlon pattern.t
"ffiQMaxima occur ln the dlffrectlon plane at scattering l:>ff5l:
| : ggti_ l_a;gle 6 according to the grating equatlon.'b'Lt'h
Alldlsihzekffh-ié..." L
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.:1vhwhere kz is the wavelength of the monochromatlc light,
,1and d 1s some spacing present in the photograph. The

o 1 L
Lvnadial/distance q from the optic axre at the dlffrac-

- “fhition plane is related to 6 by 7ﬂ[{ff j' s R rf*f,ffz‘ i

5} L. _.L S RTEPE - o a.:f y : . } B X .
?f*;‘”7f&fjfwhere L is the Camera 1ength of the diffractometer. R
“7;since e is small (q << a), the approximation \ c,
;;Wle;log j.sin Q,; tan ﬁ_is valid.v Thereforeﬁ;;ﬁifgﬁ.:’jj]-; SRR
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"Thusll

”L somewhat by illuminating the speclmen w1th slightly

‘”‘i; used is described by McGillivray (1975) . An excellent

& Beeston, Horne, and Markham (1972)..;gh iy
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Instead of lettlng n 1ndlcate the dlffractlon order,
. d shall be. allowed to do so, and n shall be flxed at
| l.» If the photograph usedxls an electron mlcrograph,

then the spac1ngs d which are, present are’ related to

the electron scatterlng angles by i'

'1 é—*{“idl/“l_-'

»“3d*1 q/“ "xz
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Here l is the~electron wavelength (0 0037 nm at 1°°1f§f1:!‘""
‘- KeV) . Thus a or d can be calculated from a once theid“
",.varlous constants ar!hknown.j,A S | o
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In practice the dlffractometer can be simplified

convergent llght. The equations still hold to very

good accuracy., The actual diffractometer that was

explanatlon of optical diffractometry is found in
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© APPENDIX II
ANALYSIS OF OBJECTIVE LENS CURRENT CONTROL CIRCUIT . -
AN The objectlve lens current is controlled by 5

’ knobs.-a coarse knob, a medlum knob, a flne medium v

~knob, a second flnest knob, and a fxne knob.,_Wék»fv,?"'

“'}consider only the effect of the 4 ‘Finer ones here._"

e ;These/are slldlng controls whlch tap banks of resistors,

] 7
shown schematlcally 1n Flgure (36) The medlum knobs :

: ,and the second f1nest knob straddle two resmstors. [;

:'Z‘;The flnest knob has only one contact whlch does not':g‘
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*"zdraw any current. -

'; The current lslregulated by comparlng the»voltage

"~ab{v to a reference voltage V o To calculate the effdct

v3=1 [22( 331<)+ ~66K(1 354“’/‘ “K“ 35““” 7 7 I3 |

' ﬂrfof the various knobs, it 1s necessary to do a cxrcuit

”uanalysis..iced]hf-v'

22( 062K) = 1 364K I (K=kilohms) R

""f»'*'"ffvz=12[22(2x) + 4x(7 7K)/(4K s 7 7x)1 46, sx 12 e

| f‘Butvzv- (1-: )4x or 46 sx 12_=4x1—4x I2

'“"12f~}!Therefore Iz ?_.079 I.'..

-"(12 - 19)4;(;5-5 of - 7_‘ 3 1
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66K I

= ‘(135-_,14)..16‘,61(' or 1, 364K I4 3" -§6K'I_'4a_‘ '

| "‘Therefokre‘_Ié 4; 326 13 = .ooas I

- Let the four knobs be x, y, z, and W cllcks from the»
,zero 9081t10n, as 1n the flgure. -R is a’ large-resis-&,”' o

:‘ ;tance (> 240K) | Then o
| v='fI,R+f>§,"é';< 1+y 2K .079I + z .33K .027L+w .062K .0088I.

- 'Now, because of. the feedback, = o
-y RSP T A
k(V - V ) or V V + I/k,' ka cons"'vt.-,v'an‘t,

3"

| Theréfd:;e»_::g-' ‘V‘o”'[‘-R" + _21<’x}- +f]~._15."81<y: * ..'o'o"sgigz »+"-.0,0054"61‘(%,;3‘-1/};’]_;1; .
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'afj'The change in current upon changing the medium knob by f*”' =

AT --'-_ﬁ'vo"?[',R,»ffzx'.'(:s‘ca’hl)'-‘+"5. 158Ky + .0089Kz +.000546Kg~ 1/k] ™
prigh?vW ¢*f}ﬂ «fhrh:f'ff7d"jrhhrfl;h= g%l. 'x Sh
= V IR+ 2Kx + 158Ky + .0089Kz + .000546Kkw = 1/k1”F

| mV,(<2K) [R+ 2Kx+ 2K+ 158Ky + .0089Kz+ .000546Kw-1/KI

ff&Similarly,




A =V_(~.0089K) [R+2Kx+.158Ky+.0089K (z+1) +.00546Kw-1/k] ~
+[R+ 2Kx + 158Ky + ,0089Kz + .000546Kw~ 1/k] ™.

- AT =V (-.000546K) [R¥2Kx+.158Ky+.0089Kz+.000546K (wel)-LAd ™
v vi;[Rgézxx1~,1sgxy-+;9089kzgr;ooos46xw=-1/k}f;'.

;f/" ,_.“} o . _ . 1 } o
Thus the ratlos between the various knobs are, to a very

gOOd approxlmatlon-_?
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Theae are the ratios of the focussing strengths of’the.,.

\various knobs. ':Pt;_"_f"l

J X
-

'\";' .




