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R \ABSTRACT RO n B
j;A comparﬂijon of the standard and exact methods for ték1ng:ﬁ' Ly
'=absorpt1on 1nto account has: been carr1ed out for- tﬁe cases»‘

\~ ?” .ff ,'\< where Bloch’ wave degene;ac1es occur due to the presence of

e "_-: ;f.non systemat1c reflections. D1ffract1on cond1t1ons have been

| h jchosen so that only three beams need/be taKen 1nto account

‘1n the ca]cu]at1ons A]] the calculat1ons have been darrwed

:jlrt-” ﬂi dvh; ut for materLa4s of d1ffer1ng atom1c number When-the\ :
:f = hV . fgdreflect1on chosen for dark f1etd 1mage (referred as th o
5\\\\,° :f,d ' systemat:c reflect1on in th1s thes1s) 1s in its- Bragg/%'v

S o L;cond1t1on two degenerate B]o'h waves are obta1ned’/6nder

nithese c1rcumstances 1t has been found that the resu]ts '

;{t\‘f:obta1ned from the standard and e§ict methodS\aPe'in good
aV_agreement w1th one another ' o ; N S o

When the systemat1c ref]ect1o ﬁs'c1ose to itszragg;

tcond1t1on,.the two B]och-waves are pearly degenerate Under
'tj ¢n{7¢these c1rcumstances marKed d1fferences have been found
‘V”7'between the results obta1ned from the two methods Thesev
dd1fferences have been found to 1ncrease thh 1ncreas1ng

"-'atom1c number B _,,t,vtf. o "\ o

"§¥d In a study of the effect of h1gher order non- systemat1c ;
. _ no

re 1ect1ons 1t has been found that the d1ffecences 1n the

.'resu]ts obta1ned from the "two methods 1ncrease w1th
ri1ncreas1ng order of non - systemat1c reflect1ons

. . - - '7 . ' [
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7 CHAPTER 1.

1.1 INTRODUCTION 1 T
”T~$}ﬂ"""3;u'ﬁ-;/"vv L : Sl SRR
The electron mtcroscope isan 1mportant tool 1n’the SR I

study of the structure of materta]s In order for the RIS

m]croscoptst to 1nterpret the exper1menta1 mtcrographs _ﬁtﬁ’

;'h‘obta1ned from h1s 1nstrument 1t 1svnepessary that reference{h

7

'“~fyfbe made to some theory wh1ch re]ates 1mage dontrast to
h spec1men structure | The 1nterpre{at1on of EJedtron
“m1crographs of crysta111ne mater1als in. terms of e]ectron
h5d1ffract1on theortes has p]ayed an 1mportant ro]e 1n the

'development of electron m1croscopy as app]teo to problems 1nj¥;ijh

lectron mj vacope by Knol] and Ruska\19o2 the ,;;d';'

1nterpretatlon of the 1mages ob atned from crysta]]xne

’hdvspec1mens was carr1ed out 1n terms of the Ktnemattcat the”ry %’
y::yof e]ectron dtffract1on ‘ Thws theory is s1m1lar to thedld 3
tktnemat1ca1 theory of X ray d1ffract1on Wh1Ch had been used
‘ftsuccessfulty to exp1a1n many aspects of the 1nteraetjon of
TtX rays and crysta]s However a number of authors foratf5
.1“ifeXamp1e B]ackman 930 Von Borr1es and Ruska 1940
f’tgHe1denreTch 1942 H1111er and BaKer .1942 Boersch
d1942 1943 Kinder 1943 He1denre1ch and Sturkey,_1945)

h"reported exper1mental resu]ts wh1ch cou]d on]y be part1a]]y ;f*f

In1t1a11y.'atter the deve]opment of the _Fef -



"f}-vector and C 1s a Bloch wave Four1er coeff1cm]

’exp1a1ned 1n terms of the K1nemat1ca1 theory As a‘resuTt,

: ;an 1nterest was - deve]oped 1n the dynam1ca1 theory of

S{Jelectron d1ffract1on(Bethe 1928) A]though th1s theony w111

'.t_be descr1bed 1n deta11 in chapter 2 fon~the present 1t 15,)f;tLQs

,tusefu]'to note that Bethe 'S approach is quantum mechan1ca1

" lin nature and is based on the 1nteract1on of Fast e]ectronsif"'

"lhequat1on The wave funct1ons are Bloch waves of the formfv

zc“ exmzm(k b gt
JEER o '-vu).

'where g 1s a rec1proca1 1att1ce vector -<\\¢sua Bloch wave

't.1n the the

"{d1rect1on K“’ g In sotv1ng the Shrod1nger equat1o'@

'jlatt1ce potent1a1 1s expressed as Hour1er ser1es wh1ch can

lf;”hbe wr1tten as e

‘Eajfw1th a crysta] as descr1bed by the Schrod1nger wave T

35]5,%"7

b1

where V3 1s a Fourwer coeff1c1ent of the 1att1ce potent1al w‘h“h

,,/'
Bethe s formulat1on of the dynachal theory does not

"'Qtake the effects of 1neTastlc scatter1ng 1nto account Some_ltth

'u,fof the 1ne1ast1ca11y scattered electrons W1It be scattered

"routs1de the obJect1ve aperture and therefore do not

-pycontr1bute to the 1mage(see f1g 3 chapter 3) These _fh'"



tpotent1a1 1s then comp]ex and can be wr1tten as '

'electrons are therefore effect1ve]y absorbed and 1t 1s in.
rth1s context that the term absorpt1on 1s used in, th1s
.thesws As w111 be shown in chapter 3 absorpt1on can bev
“taken 1nto account 1n the dynam1ca1 theory by the
11ntroduct1on of an 1mag1nary part of the 1att1ce potent1a1

Vj(Kambe and Mo]tere 1970 Dedertchs 1972) The 1att1ce

-

'_'] e

'13

,Another 1mportant aspect of the theory 1s the manner}iht;
:;wh1ch the 1mag1nary Four1er coeff1c1ent 1M§ of eqUatWon a_g,,'.

: (t 3)115 1ncorporated 1n the theory The approach w1de]y¢%§ed

:f1n the 11terature 1s to assume that tne 1magtnary part of

the 1att1ce pptentta] is much smatler than fhe rea] part

jythus perm1t1ng f1rst order perturbat1on theory for non-‘f
f~degenerate states;;o be used (H1rschfet 1965)\' Th1s
;“method 1s referred as the standard method 1n the 11terature

':h_However th1s form of perturbatlon theory 1s on]y app]1cab1e f[

"fto the d1ffract1on cond1twons for wh1ch bloch wave

‘»'_degenerac1es do not occur €1n thts thes1s the Bloch wave

yf were not taken 1nto cons1derat1on % As a,resutt theistandard_ﬁ:f

i-'»,

'f'ﬁdegeneracy w1ll be taKen to mean an equa11ty in the K1net1c
energ1es of the B]och wavesi(see equat1on 2. 15 :chapter 2))

;In most work performed 1n the past Bloch wave degenerac1es

e



R so]ve the Schrod1nger equat1on 1nclud1ng comp]ex potent1a1‘°'

witﬁout mak1ng any approx1mat?on about the size of the

method for calcu]atlng absorpbﬂon coeff c1ents, based on
v

f1rst order perturbat1on theory for non\éegenerate states. l‘

e '

has.been found-to be adequate : Dur1ng tve Jast several
years, however there has been cons1derab1e 1nterest
phenomena,,ﬁuch as the cr1t1¢a1 voltage effect(Lal]y et. a]

1972 Andrew and She1n1n 1974A) 1n wh1ch the occurrence of a

Bloch wave degeneracy 1s 1nvo]ved Bloch ‘wave degeneraCﬂes ‘

taken 1nto accoumt in the dynam1ca1 ?”eory (GJonnei:ang;\'
H01er 1971 Cann and She1n1n 1972 Sprague and: WilkK n\\;\f‘

7

1970)(for def1n1t1on of. non- systemat1c ref]ectTOn see

't,sect1on 2r2;1 chapter 2) . Shernln and Cann(1973) and

IR

i Serneetshand'Gevers(1973) have suggested that perturbat1onﬁ
f3‘ theory for d0ub1y degenerate states. could be used in}_'

'_1 evaluat1ng absorpt1on coeff1c1ents in. cr1t1ca1 voltage f‘», \f_

calculat1ons Th1s theory overcomes the d1ff1cu]ty of'

e 1nf1n1te correct1on to the e1genvectors referred to by

Sprague and W11K1ns (1970) - An a]ternat1ve approach ﬁs toe

.*w]

id

perturbat1on or about how close the K1net1c energ1es of the o

B]och waves are to one another Th1s method 1s referred as

"exact method 1n th1s thes1s - In thws method there are two ﬂ

B

- approaches to the so]utwon of the Schrod1nger equat1on

“-,Th,e_se dre T T e e e



. . \ .
ra. d1agona]1z1ng the complex matr1x d1reoﬂly Lal]y
et.al 1972; Thomas 1972) and L
b._ us1ng genera11zed perturbat1on theory(Andrew and
»I -5he1n1n 1975) o v‘. i 'y /i
tThe second approach 1s more useful than the flPSt s1nce it
;g1ves some/1ns1ght 1nto the 1nteract1on between the B]och
,vwaves wh1ch resu]ts from the 1ntroduct1on of the: comp]ex
'1att1ce potent1a1 c ‘;;'3 1“::"~; lv7<' - |
In a compar1son of cr1t1ca1 vo]tage ca]cu]at1ons based
.on the standard method w1th those obta1ned from the method
':based on exact theory, Lal]y et. a] (1972) and Andrew and
‘§he1n1n(1974A) found that errors obtained by us1ng the
s tandard method are sma]] 1n the 1tghter e]ements but in a
,theavy e]ement such as go]d s1gn1f1cant errors were
obta:ned : She1n1n and Cann(1973) found that s1gn1f1cant
errors cou]d also be obta1ned 1n d1Ffracted beam 1ntens1ty
catculat1ons in whtch non- systemattc ref1ect1ons were taKenu
1nto account.. A deta11 1nvest1gat1on of the nature of these

errors has,,however not been presented 1n the 11terature

Becauseﬁthe standard theory 1s so w1de1y used in d1ffracted

beam 1ntens1ty calculat1ons, 1t was felt 1mportant that such‘. -

a study be carr1ed out The present work - was undertaken

w1th th1s 1n‘m1nd.

e

CE
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B e e e e A

1.2 Scope of-the éresent=investigation

In order to carry out an 1nvest1gat1on of the errors

obta1ned in us1ng the standard theory for the case when

non- systemat1c ref1ect1ons are. taken 1nto account a .

compar1s1on of.calculat1ons based on stahdard method with
thosefbased on eXact method~hae been carrted,out:
L a. for.diffraction‘conditioﬁsator uhtch a'Blochﬂwave-'
degeneracy occurs 1n the . presence of a- ‘
;non systemat1c reflect1on oo t"b'th_.f | -
tb.nffor d1ffract1on cond1t1on For wh1ch two B]och waves

are quas1-degenerate(nearly degenerate or haV1ng ;

R c]ose e1genva1ues)

S -5

c. “for elements of dwfferent crystal structure and of

;d1ffer1ng atom1c number and N

d. for both low order and h1gher order non systemat1c

ref]ect1ons



.'or1g1n V(T = V(-T) and.

¥ 4

CHAPtER 2 o -\

ASPECTS OF THE DYNAMICAL THEORY OF
"+ ELECTRON DIFFRACTION

©

' 2.1 Bas1c out11ne of the Dynam1caffTheQ_y~

The: dynam1ca1 theory of e]ectron d1ffract1on as ftrst‘.

proposed by Bethe(1928) and further developed by Macg11]avry

(1940) and He1denre1ch (1949) starts W1th the Schrod1nger

equation fon,an electron in-a'crystal potent1a1 V(F). Since -

‘theACryStat potential"V(*) is per1od1c in nature, 1t can be

' "expressed in the form of a Four1er ser1es as fo]]ows

KV(?' = Z:V exp(2n1g T) o :
=(h2/(2me) 2 Ugexp(2ﬂ1g r) R S (2.1)
S -3 A

o4

where the summat1on is over al] reciprdca1 1attjcefvector af

' - If only elast1c scatter1ng is cons1dered 1the crystal.

v'potentjal is real, V(?)-;<v*(?) . and therefore,g
_ ” . !
Ug = 'u_.‘3 4(,2..2.)

v'In add1twon 1f the crystal has a centre of symmetry at- the



(2.3).

" Outside the crystal, whébe~v(‘) = 0, the solution of the
':Schrodtnger equation is a plane wave of the form

N\
\

Cw(P) = expl2miF) (2.8

‘»Where maghitude‘ofvthe wave vectoh'ﬁi is such thatﬁ'

(h? x2)/2m = eE ¢ (2.5

N where E is the potent1a1 through wh1ch the electron was
;accelerated»before entertng the crystal. In the crystal the
"electron wave functwonseare Bloch waves, that 1s plane wavesf

dulated by a funct1on wh1ch has the per1od1c1ty of the ;

"}1att1ce Accord1n@1y the so]ut1ons to the Schrod1nger _ |
Awequatton are of the form of equat1on(1 (see chapter 1);v

"If the express1on for V(r) and - \y(r) are substitutedtin. the~—~‘—wﬁv

Schrod1nger equat1on, a set of equat1ons 1s obta1ned wh1ch

*\\can be wr1tten as.

) L _ - ey N

e T W . ' : ' : un Ay

(KRG eg f Bl =0 28
- h: ' ; . i . B

where’prime-en,the:summatﬁonvindicates that the term h = 0

is excluded ‘and | T

8
-



.’approach shou1d be taken 1n solv1ng the set of equat1ons

@rl\‘ I}
where. _
K2 = 7L2_% U, . | 2.7
: ‘ { o |
_R(SL) =';({LJ.+"5"‘ . . . ‘ ] (2.8)

f K is the magn1tude of the electron wavevector in. the crysta]

after correct1ng for mean crystal potent1a1 Th1s
(!z.

“homogenous set of equat1ons gives the general relat1onsh1p
ﬁbetween the Bloch wave Four1er c%eff1c1ents CS the Four1er

'coeff1c1ents of - 1att1ce potent1al Ug ‘and the Bloch wave

vectors K . These equat1ons(2 &) are referred as the

’d1spers1on equat1ons by Bethe(1928)

3

Now the questﬁon wh1ch arises at th1s po1nt is what

,TQrﬁ)v. One approach wh1ch have been extens1ve1y used in the

pasttWhe]an and»H1rsch 1957; N. Kato 1952 )”15 to assume that
only two beams are 1mportant | Under these C1rcumstances the

set of equat1ons (2 6) cons1sts of on]y two equations for-

vwh1ch ana]yt1cal solutions. ex1st : However in the present

: work we ‘are pr1mar11y 1nterested in study1ng the effects of

hon- systemat1c ref]ect1ons(see sect1on 2. 2 1)°and therefore

r*more than two beams must be taKen 1nto account IfF N

\

"d1ffracted beams are cons1dered then (2 6) cons1sts of N

equat1ons for. wh1ch ana]yt1ca1 solut1ons general]y can not

. be found. Numer1cal solut1ons of these equatwons must

R /



fsurface The wave potnts of the'Bloch wave excited in

“tangent1a1 components o

‘-d1stance between poss1b1e wavepo1nts w
jlet s, be the d1stance of rec1procal/14

10

therefpre.be"adopted. There have been a number of

formulations of the multi-beam dynamical theory which can be

esuSed to obtain such‘numbrical solutions (see for example

Sturkey(1957), Fujﬁmoto\£1959)).‘ The’fqrmutatiqn emp loyed

in the present'WOrR is based on expressing (2.6) in the form

.
.
h

of an eiéenVa]Ue equation(Howie and Wheﬂan 1961). This

formulat1on is part1cular1y useful since any number of beams

'can be 1ncluded and the Férm of the equation leads 1tse1f to

stra1ghtforward numer1ca] solut1on

The manner in wh1ch the e1genva1ue equation 1s der1ved -
W

g
can be understood by- cons1der1ng Fmg 1 The va]ues of K

satWSfy1ng. 2,$)_11e on a surface called the_d1spers1on

the crystal are obta1ned from the con'

i
Bloch wave vectors must be
s

4equal to thét\of the incident beam.b Thus'a line is drawn

thre;gh the po1nt T (1n'fig 1) and'perpe‘ icular to the

crystal surface to 1nt€FEEEt the branches of the d]SpETSTOﬂ

{ -/

'surface, ‘ n the symmetr1ca] Laue case’ th1s line will be

\ i

para]le] to the Br1l]ou1n zone boundary : Now let Y“’be the

h ang the point T and

g tt1ce po1nt g from

the Ewald phere(both quant1t1es ‘are measured 1n the z

that ) " B | ‘ng¢;$ """

irection i.e., normal to g}«/ It;can.be/seen fromwﬁ;gemfwwww”www



" Fig. 1

The dispersﬁﬁﬁ/gz;;;;e and the Ewald sphere construcpicﬁ fér

‘ / . ." I
ffff”’”//” high energy electrons. w(])T = Y(]lAand w(z)T = Y£§0 N }

) 7
//
,//
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{(Y“’-'s )/2K} S0 ST iy e

1_hgahétion (2 9) then reduces to ffvf}'

(ch ;};ﬁkkhYﬁre.séj)Qr.” . ;”Tf,,ff«f,ffh”i‘“(é,izjg:ML37°°.<

H"and Bethe s equat1on (Z;S)heahvbe yrjtfen ﬁhtthe,etgehQaqu'in fﬁ1°

fform

Gy R T T ey
- Here C 'ds~a'coTumn'vector'whose e]ementSfCSI are the

)

'Af‘Four1er coeff1c1ents in equat1on (1 1\(see chapter f) and A

-

Hh't;i\s a matr1x W1th elements A,° étOﬂ Aggt- s3 and Aah"e‘h

td‘ﬁug,h/QK where g # h The e1genVa1ue'Y is related to the z‘fe

t;component of the B]och wave vector K through the re]at1onf§7



Y-SLI)A'

Ry T,,-- K +i“f R A LI

,‘\

ST

t»‘ ..... If N beams are con51dered the matr1x A w1]1 be an NX N h;:_

' '\matr1x G1ven such an 1nput matr1x computer programs can

be wr1tten to caTcuTate the N e1genva1ues and assoc1ated

: s ,i.)» ) S
._e1genvectors-{rC§ ;5;;;,C‘ ,;,,,J By carry1ng out such

'*;]ﬂmatr1x d1agonat1zat1on procedures for a: ser1es of crystali |

fuh;or1entat1ons. 1t 1s p0551b1e to determlne the shape of the

)'{?d1fferent branches of the d1sper51°” surface ? In order to; o

*~Q*Tbe abTe to refer to the d1fferent Bloch waves exc1ted » tsii.

-jconven1ent to Tabe] the BToch waves and the1r correspondrng _t_f17»

"hflbranches of d1spers1on surface The method generaTTy

c',adopted in the 11terature 1s ‘to use the 1nteger Tabels e,,,,_

A”Tu51J2;di;;;f§J_1n order ot the decreas1ng vaTues of 'Y
N;;(Humphreys and F1sher 1971-)1n | . N

i_2 2 The CaTcuTat1on of D1ffracted Beam Intens1t1e_ fﬁzg-“

;Perfect Crysta]jl L o . ‘
| The tota] wave funct1on qg of the thh energy
felectron 1n the crystal can be wr1tten as a T1near_oi,»"

'~ﬂcomb1natnon-of;a11 the B]och waves eXC1ted 'e;f

THEER T

LT S S S ) iy L T R LT

L L s T s T e e
~The coefficients X" "in this expression are Known as. ~ -



h,exc1tat1on coeff1c1ents and determ1ne the extent to wh1ch a
"part1cu1ar BloCh wave is exc1ted 1n the crysta] In order '
'to ca]cu]ate the d1ffracted beam 1ntenstty I3 equat1on _”

(2 15) 1s sorted out 1nto components 1n the d1rect1on of g

‘7.If these components are then mu1t1pl1ed by the phase term

‘"77‘0f the crysta1 3§é¥f :

.',x;exp( 2n1K r) the 1ntens1ty of the beam 9: at depth z in the o

"‘lcrystal 1s found to be :' . . : o

U e e o | o 'h'?* B R
ﬁ;I5(275=?1”¢5‘2)3L2f=¥t,§le)cg exp 2n1Y’ z I SRR O £ oD

E,where ma 1s the amp11tude of the beam g _

| The exc1tat1on coeff1ents 1n equatlon (2 16) can be

'xfp;calcu]ated from the boundary cond1t1ons at the top surface““%

~ Equation (2.16) together with (2.17) gives

”*,hﬁwhere C 1s ‘a- square matr]x hav1ng the elements C infthe”i.h;l:'

"5g th row and I‘th co]umn,:ﬁ 1s a co]umn vector conta1n1ng

'[gthe exc1tat1on coeff1c1ents X in the 1-th row and u 1s a Lo

ff'hco1umn vector conta1n1ng the d]ffracted beam amp11tudes bd' S



:_1 0,0,... at the top surface of the cnystaT ; The exc1tatton
| .

' coeff1c1ents 1n equatton (2 16) can then be found by

‘ obta1n1ng numer1ca1 soTuttons to the non homogenous set of i

"Ttnear equat1ons (2 18) : The effort to solve thts set of‘fff"‘

“equattons can be great]y reduced when onTy eTast1c
LG .
o scatter1ng 1s con51dered by not1ng that the A matrtx of

‘Teduat1on (2 13) 1n thts case 1s rea] and symmetrtc Hence

’“tfthe matrtx ke Of nopma]]ZGd e1genvectors is: orthogonaT and

a0 v

' t_TS muTt1pT1ed from the Teft by C then :

yand 1t can be 1mmed1ate]y seen that the exc1tattonlh“’h‘>

'7coeff1c1ents X are g1ven by the eTements 1n the fTPSt row:

i

 of ¢ el

- X ) =Co : ‘ o . \(220) |

‘TheneXbressionﬂfoh‘the-diffhacted‘beam‘intensity,theretohe_f“'”

- becomes

| El¢ exp(2n1Y |2' o 221
B R T S T ' : i o ' Co
‘:where”¢3)=-c: C;‘ Thus 1t can. be seen that the contrtbutton _

'C:;; c, where_CT 1s the transpose of C ; If equat1on 2 18 ty ‘



l_yof a part1cular Bloch wave to the g-th dtffracted beam ,
“amp11tude 1s determ1ne by the magn1tude of ¢ whnch

'Utreffered as the exc1tat1on amp11tude in th1s thes1s

A

2 2. 1 Systemat1c and Non systemat1c Reflect1ons
When a h1gh energy electron beam 1s 1nc1denf -on a ,';;
:crystal 1t 1s genera]]y found that a number of d1fferent
Lsets of p]anes are c]ose to satisfy1ng thewr Bragg
'f ond1t1ons In form1ng convent1ona1 strong beam 1mages the

__crysta] 1s usua]ly or1ented so that on1y one 1ow order

"+d1¥¥racted beam 1s strong]y exc1ted If th1s ref]ect1on has,”tht

3 ,d;qa rec1proca1 1att1ce vector g, then a]] refleot1ons

"jfcorrespond1ng to the vectOns ng where n 1s ~an 1nteger‘aredf,
":ica11ed systema;wc ref]ectwons(Hoern1 1956) S1m11ar1y
athose reflect1ons wh1ch have rec1proca1f1att1ce vector,fh;
:3inot col1near w1th g are ca]led non systemat1c ref1ect1ons¢ff

“thether a partrcular systemat1c ref]ect1on 1s termed

‘egsystemat1c or non systematwc depends ent1re1y upon the

low order d1ffracted beam be1ng used for 1mag1ng purposesﬁtet'

. 5
Thus a ref]ect1on wh1ch 1s termed systemat1c 1n one

{b;ds1tuat1on may upon choos1ng a d1fferent 1ow order ref]ect1on]

m.for StUdYr be - termed ‘non- systemat1c - Th1s is 111ustrated 1n;.ff""'

htfxg(2) wh1ch shows a\computed electron d1ffract1ow pattern

A

.for a [3101 or1entat1on in a crystal with fcc structure "ifv

?zthe (002) reflect1on ﬂs the pr1mary reflect1on be1ng used 1nb-5

RN
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F19 2L e
A computed diffract1on pattern for EG10] or1entat1on in a

crystal w1th fcc structure.'- S
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.20
Jdmpage format1on, then the ref]ect1ons (004) (006), (005)
(003) and (006) are de51gnated as’ systemat1c and all other

‘ref]ecttons such as (13t), (133)-are des1gnated as

’/non;systemaﬁic. | | .

“
<

j 2 3 Relat1v1st1c Correct1ons To TheCDynam1ca1 Theory
The dynam1ca1 theory as 1t was or1g1na1]y formu]ated

d1d not take 1£to account re]at1v1st1c effects These .
effects have ‘been cons1dered by Fu31wara_(1962) .
developed a re]at1v1st1c form of the dynam1ca1 theory using

. the D1rac wave equat1on “His resu]ts show that the |

vnon-relat1vwst1c theory can-be c0rrected for re]at1v1stic

' effects by employ1ng two simple correct1ons Thesehconsjst_h
of replac1ng the non- relat1v1st1c ‘wave 1ength by the':fds?‘
re]at1v15t1ca1]y corrected one and mu1t1p1y1ng the Four1er

_coeff1c1ent terms,_Uﬂ by.a re]at1v1st1c mass correct1on

- Bli= (U1 -vzfer ) P Coe C(2.23)
! S o : ‘ S .
where v and c are the speeds of the electron and 11ght
, respect1v1y | | | |
A ' ' :
‘ i The 1mag1nary part of the Four1er coeff1c1ents of the
latt1ce potent1a1 Ug (1n case of 1ne1ast1c scatter1ng ; see

chapter 3) is relat1v1st1ca11y corrected by mu1t1p1y1ng Ug

R
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by'vf'ﬁ (Howié,1962)fThe validity of theSefcorrections-haS
. “been Confirmed'experimeﬁtgllyyby”HHShimotq(1964)f Dupouy et"

al.  (1965) and Goringe e} al.{1966).
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‘CHAPTER 3

EFFECTS OF INELASTIC SCATTERING

3.1 Introductton “ ' .
. The theory descr1bed in the prev1ous chapter does not
‘take into account the effects'of 1ne1ast1c scatter1ng
'Electrons wh1ch are 1ne1ast1ca]1y scattered outs1de the
obJect1ve aperture do not contr1bute to the 1mage and can
therefore be con51dered to be absorbed (see fig.3). '1The‘

| effects of absorpt1on are taken 1nto account in: the' .

R dynam1ca1 theory of e]ectron d1ffract1on by the addition of

:,an 1mag1nary part to the lattice potent1a1(Deder1chs(1972)
or_Kambe and ‘Moliére (1970)).e_Therevare.severa],approaches
~which have been adopted 1n the Hiterature'to-the so1ution of
the Schrod1nger equatton 1nclud1ng the 1mag1nary potent1a1
.(see chapter ). The two approaches (i.e., standard method
Jand’exact method) wh1ch have been used in the present study,t -
will betdtscuSSed in this chapter.f};" C 8

T

3.2 The'Standard>Theory for‘TaKﬁnq Absorption'tnto Account‘

o In the standard ‘method it i's assumed that V’(*)<< VIR,
'therefore perm1tt1ng f1rst order perturbat1on theory for the

ﬁnonfdegenerate states to be used. The effect of the

F VI
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perturbation iV’ (F) is to change the energy of the Bloch

wave by an amount e AE given by °

-

eAE = ggb“‘ v e sdT (3.1)
/ | - . o 4 :
. B IO e
/// _this energy change can be relatgd to a change1§ﬁ3J1n~the z
e - component of the Bloch wave vector, i. —
g AKS (3.2)
4 /
e ; is the absorption coefficient of Bloch wave b'" .
B U This coefficient can be calculated from Fhé integral in
. "~ equation 3.1 which gfves the expression
T L o ’
‘ ty U) A .
g ® {1/2K) ZZC Ugl ', : , (3.3a)
. : 3 h - : .
" In matFixlfOPm'this equation becomes :
. \ w.T L) . ’
€ gl = (™ arc | - (3.3b)
e where A’ ‘is. a matrix contaning the elements U w/2K in the

L g-th‘row and h-th column. It cah be seen from equation 2.14
that thé change 1q in K“‘ w1]1 produce a.similar change in

Y“”, Accord1ngly, when the effects of inelastic scatter1ng.

— are included in thewdynamica‘ theory, the expression for the

i o KA o o A AT A 1




' Miffracted beam intensity given in equation 2.16 becomes .

”_v,more h1gh1y absorbed than others Th1s has been eXp]a1ned

"fstnusod1al]ylwnth_orystal th1cKness as shown in f1g(4a)

&

Cnlz) = | aglz) 12 |zc c exp{2n1(Y +'1q“’ }|2 (3.4)

‘szylexam1n1ng th1s re]at1on 1t can ‘be seen that the

efdd1ffracted beam 1ntens1ty 1s effect1ve]y attenuated or.

Lf.absorbed 1n the crysta] due to the presence of the 25‘
rexp(—2nq“’z bR terms ; Calculat1ons of the Bloch wave

‘”absorpt1on parameters 1nd1cate that some Bloch waves are B

“f;by several authors(for example Hash1moto How1e and Whelan
“1962) 1n terms of B]och wave channe11ng and g1ves r1se to S

'7ftthe well Known effects of anoma]ous absorpt1on f‘e?fgfhfwtd' o

e

3 2 1 Anomalous Absorpt1on .W-'

The dwfferences between the absorpt1on coeff1c1ents 'd*t)f‘

“vg1ves r1se to effects commonly referred to as anoma]ous:b. E
i.-absorpt1on _ In order to 111ustrate these effects 1t ‘

r: conven1ent to exam1ne the var1at1on of the d1ffracted beam o
f’,.1ntens1ty w1th th1ckness in the perfect wedge shaped

: }crystal Cons1der f1rst a s1tuat1on where absorpt1on 15'”kv

= -:ineglected and where 1t is assumed that there are on]y two'

s

e hBloch waves w1th equa] exc1tatton amp11tudes C C9 ‘In th1s"

: #case', d1ffracted beam 1ntens1ty 1s found to vary |

D

N



'a'pThe var1at1on of d1ffracted beam 1ntens1ty w1th th1ckness:f.”

W~Qwhen (a) no absorpt1on ( ) norma] absorpt1on and (c)'

-fanoma]ous absorpt1on 1s taken 1nto account -;‘



Intensity T

/

Intensity

— Crystal Thickness
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"_dFig[4(bY?Shows‘the1same;sttuationvexcept that}both'impdrtant

 Bloch waves’have been’assumed‘to-have equal"absorptionT

-f;_coeff1c1ents It can be seen in f1g 4(b) that the meani"'

rl1ntens1ty decreases w1th 1ncreas1ng th1cKness but the

g

‘s1nusod1a1 var1at1ons are st111 present Th1s 1s termed as

'”normal absorpt1on and is. character1zed by the Fact that the -

g

o»f‘v1s1b111ty or contrast of the fr1nges as measured by

‘,QAK_I'

mgl'iwnn_)/(Iqu+ Inﬂn‘) does not change w1th depth tn

h‘,the crysta] F]g 4(c) on the other hand shows the

f1nten51ty prof11e obta1ned when one’ B]och ane 1s absorbed

.

’fmuch more strongly than +he other Th1s prof11e 1]1ustrates Wt;“

J‘the effect of anomalous absorpt1on 1n a wedge shaped

>'7}crysta1 In th1cKer reg1ons the 1ntens1ty Vaf“at1 havédr"‘

' iessent1a1]y d1sappeared due to the strong attenuat1on of onegf{ &

LSRG a

dfof the B\och waves However cons1derab1e d1ffracted beam-"'“
L1ntens1ty is. st11}‘present due to the weaKly absorbed beam
”fBes1des havtng an 1mportant effect on’ 1ntens1ty prof11es in.
':hperfect crystals anomalous absorpt1on has a]so been found
r “to ]ead to 1mportant effects in the 1mages of crysta]

};defectstv“f"ipjt'”u':yf\Sir

"j]3 3 Exact method fo?'TaK1nq Absorpt1on 1nto Account

The exact method based on- the genera11zed perturbat1on
""xtheory, has been presented 1n deta11 in a paper by Andrew‘,vn:“

'fand She1n1n(1975) ‘and therefore 1n th1s sect1on th15 theory

> .
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wﬁ1s only" summar1zed |
When ‘the effects of absorpt1on are taKen 1nto account
i by 1ntroduc1ng an 1mag1nary part to- the 1att1ce potent1al

. the e1genva1ue equat1on (2 13) becomes,

oA eniane e YT o (3.5) 1y -

IN:Where 1A’51s a matr1x in wh]ch the e]ements Agg:‘aﬁévgiVeht~
;;5;by the relat1on A A‘té Ug'h /2K The matr1x (A+1A ) {5755*7'
'hIOnger Herm1t1an and thus has comp]ex e1genva1ues and ‘;.
f:e1genvectors The real e1genva1ues and e1genvectors‘Y“’and
»fgf in. equ?t1on (2 13) have therefore beeq rewr1tten jn:uu
1tvequat1on (3. 5)-as the complex quant t1es"Y and C’ -
L'respect1ve}y In the genera112ed perturbat1on theory
xitapprbach to the so]ut1on of equatlon (3 5) the perturbed
;7e1genva1ues‘Y( )can be found w1thout approx1mat1on by ‘,

*-solv1ng the e1genva]ue equatlon v4ff; o -
“7 ! : .

R Y“”’ 5“‘*/ (38
“jwhere B 1s a matr1x wh1ch can wr1tten ash:’ L

R

o "B,’ o I & *].»q.(z'u) ' Ym+ ‘1q Cigtt® i R :,'(3"’_6‘3,)[ T
S ' gt .' -qu(:m» \(m+ g™ P e |

Vel Cae Cad s RN RN RS e : S R S RN



,“rvalues of off- d1agonal eJements aq -

1)

The d1agona1 e]ements‘T + 1q “ of B are the sum of

e1genva1ues of the unperturbed equat1on 2. 13 and absorpt1on

coeff1ec1ents calculated by standard method wh11e the

L)) L
vare g1ven by “

g’ = /12K <D U] b
. “, e : g :\!
= 1/(2K Zan T Vg, ‘ (3.7a)
ih-and;» - ']7Q‘Lfﬁﬁ”d‘55':f .;.,rﬂ r--‘ jv":”f_Vhb*;;'t3;7b)ﬁvl
ﬁThe off d1agona1 elements q :'represent the m1x1ng wh1ch

::hoccurs between a partwcutar pair of unperturbed B]och waves,

’3 The e1genvector C’ Vcan be found from the re]at1on

-.‘where C is, the matr1x in wh1ch the co1umns are the !

(m) -

lfe1genvectors of the unperturbed équat1on:(2 13)_and a- ts

"an e1genvector of equat1on‘(3 6) If C is orthogona] and

1

iny

L —

:'ﬂa~:ﬁ1sdnormaltzed T then C’ ww]l also be norma11zed

3 3 1 Ca]cu]at1on of D1ffracted Beam Intens1t1es

The express1on for the d1ffracted beam 1ntens1ty in the

'y?exact theory is- s1m1lar to the -one - 1n the standard theory
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(see‘equatioh 3;4)‘andic?n'beFWritfen'as
‘ ., 7 v- B . I(n)y“f/(‘“ ' () ) : - o . \ o
.Iﬂ(Z) = | LK. .Cai exp(2n1'Y z) |2 _ . (3.9)

The - e1genva1ues Y'M)1nhfhis.equation can 5e'$0und by .

‘bd1agona11z1ng the matr1x B and Bloch wave Four1er’"‘
‘coeff1c1ents Cﬁ can be found by subst1tut1ng the

“be1genvectors of A and B matr1ces 1nto equat1on (3 8) l‘fhe
fexc1tat1on coeff1c1ents X’ )caq be found by numer1ca] -

| hsolut1on of the non- homogenous/

system of ]1near equat1onsv
(2 18) R R R »
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j'cHAPTER'43_'

/" THEORETICAL CALCULATIONS

/ : ~

tL

”3.1 Introduct1on

The worK presented in th1s thes1s re11es extens1ve1y on .
'numer1ca1 ca]cu]at1ors based on {pe standard and exact
‘theor1es presented in the 1ast two chapters | It-is

:therefore 1mportant to 1nd1cate the procedure used to

calcu]ate and- d1agona11ze the matr1ces A(see equat1on 2 3)?-

‘and B(see equat1on 3 6) and then to catcu]ate absorpt1on

( ! )

| coeff1ec1ents q’ exc1tat1on amp11tudes ldﬁzJ and

'dtffracted beam 1ntens1t1es These procedures wi 1l be

- discussed in this chapter S1nce the worK presented in thws

.[‘v

s

-thesis 1nvolves Btoch wave degenerac1es, 1t is a]so“x

“1mportant to i d1cate the diffraction cond1t1ons at wh1ch

chebdegeneracnes are obta1ned;_,|h1s w111 a]so be d1scussed _

) o RIS ¥

'1n,fhishchapterp

E

4.2 Setting up the A matrix® - o

4.2.1 Calculation of the Diagonal Elements of A

Ma¢r1x
The d1agona1 e]ements of the A matr1x (see equatlon -

-z
2.13, chapter 20 can be expressed in terms of the dev1at1on

P

33



Laue p]ane

F1g 5 a  ‘_' -

_The 1hteresect1on of the Ewa]d sphere w1th the zero order

- Laue zone ) The or1entat1on is spec1f1ed by the t1e po1nt

method The po1nt L is the. perpend1cu1ar proaect1on of theﬁ

hhcentre of the Ewa]d sphere t1 po1nt) on the zero order

e
o
\f_ o o
¢ \;e - o
\\ |
\\ oo 1\\
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F1g 6.
The d1spers1on surface and . the Ewald sphere construct1on
” show1ng parameters requ1red for ca]cuhat1on of d1agona1

~

\elements of the A-matrix.
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Brillouin Zone —»

Branch i of ‘Disperéion Surface

[
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Tie-Point

Sphere of Radius K
. Centered at 0

Zero Order
Laue Zone
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- I
p— . ! . o

barameter S, where-shﬁis defined to be the distance from the
@recibroca] latt1ce po1nt h to the Ewald sphere in the |
z- d1rect1on (see f1g 6). When the pos1twon of the Ewald
sphere is spec1f1ed us1ng the t1e po1nt method (1n th1s

method ‘the crystal or1entat10n is spec1f1ed by the

A

co- ord1nates of the po1nt L wh1ch is the perpend1cular

pPOJeCt10n/bf the tie po1nt in to the zero order Laue p]ane

*

(see fig.5 and fig.6).),. then va]ues of 'sy, can be calcu]ated
'withvthe:aid of. Fith) { In this F]gure, the symmetr1ca] |
Laue case has been assumed and the po1nt L is the pPOJect1on
of the t1e point T on the zero order Lave plane. It can be
"seenvthat.the va]ue of Sh for some reflect1on h in the nvth

order Laue zone is

=N =P = TN - TL-6, R

o= (K2 - 2] (K2 - 2) - £ o (4:1)
o . S L i '

Using a Taylor series expansion of the two square roots and

retaining terms up to sechd order, gives

s, = (/200 (2 - Sk S(1/8K3)( - TE ) ©(4.2)
THjS‘method.of‘qa%pulating'the diaQOna1‘e1eMents of..the A

matrix will be referred to as the's:vaTue methdd.
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.It is of interest to‘hete that if on1y the first order
term of equation‘4l2 is Eetained; the s—veluee_fbr
reflectien g in the zero order zone becomes,

sy = 1/2KI0 2 -yt ) - (4.3a)
/2K e e Ty )

(1/2K1g{ T, + Ty - Tur Ty )

(1/K)g(¢- g/2 )

u " u ﬂ-

R

glﬁe_ i (4.3b)
. 1 .

e

where AB 1s defined in f1g 16) Semfs first order
rapprox1mat1on 1s used by many authors(see For example Head

‘et.al., 1973)

4 2.2 The Ca]culat1on Of The 0ff-Diagonal. Elements Of

.1he A Matr1x

The off- d1agona1 e]ements of the A matr1x(see sect1on
'2f2) for a.crystal composed of only one_type of atpm are

given by

N o | oL _4 4 | |
sn .= VL Fa-n fe(smeg_h,/?\,)exp(-alg- - hiz/4) N ,,(4.4,}

“where, B is the-relativistic mass'correctioh,factor for the

,'1nc1dent e]ectrons, Vv 1s the volume“of the un1t cel] in the

crystal, Fg_h{1s the/k1nemat1ca1 structure factor



de

;if(s1n9 ﬁ5-) 1s the atomwc scatter1ng Factor for e]ectrons;'

‘tn,'and B is the Debye Wa]ler factor for the mater1a1

'ffcons1dered The scatter1ng factors used qn’ th1s thes1s were:V

Ticalculated by Doyle and Turner(1wgé) us1ng relat1v1st1c_

“WtHartree FocK atom1c wave fuct1ons Va]ues For the

ﬂ

'"a{‘Debye Wa]]er B factor are also g1ven in 11terature(1bers and

Va1nshte1n 1962) ffkgfl

i

. 4 3 Sett1nq _9 the B matrlxv” -

. The d1agona1 elements of the Blmatr1x(see equat1on 3 6)]

are obta1ned by fgrst d1agona11z1ng the real matr1x A(see

. ;sect1on 4 4) : The absorptwon coeff1c1ents of the standard

',theory (see sect1on 4 8) and the off dwagona] elements q

H can then’be ca]cu]ated from the equat1on (3. 7a

-
V- I
1

. ‘~;4 4 D1aqona11zat1on of matr1ces A and B.

In order to obta1n'Y and C i the matr1x L (see

,equat1on 2 13) whwch is rea] and symmetr1c Wasl'h’
mas

‘,;d1agona11zed by uszng tbe subrout1nes EHOUSS EQRTQS' EHOBKS
L1n IMSL subrout1ne pakage(1979) oIt should be noted that

-

"sthere are other subrout1nes 1n the IMSL(1979) wh1ch cou]d rf;’

have been used. A compar1son of. a]l the rout1nes was

.

;carr1ed out and 1t was found that the subroutwnes use@y?n

5 D

rdhthe present study requ1re the ]east comput1ng t1me and the,:'

) yresults are more accurate than those obta1ned by u51ng other»i



e

subroutlnes(Cann 1973)
J;

To ca]culate'Y and C ! the comptex matr1x B (see ,v'u

Iy

r"—‘

t~equat1on 3. 6) was d1agon 11zed by us1ng the IMSL(1979)

subrout1ne EIGCC

4 5 Ref]ectlons chosen in the calculatlons

In th1s thes1s three beam ca]culat1ons have been

o carr1ed out w1th the three ref]ect1ons OOO) 220) 133)

',In a. compar1son of exper1menta1 resutts w1th many beam and .

[

' n_three beam dynamwcal theory,_Cann and She1n1n(1974) found

"fthat there are three 1mportant B]och waves when (133)

C osed J’

'hfref1ect1on 1s c]ose to 1ts Bragg cond1t1on In order to

Zgron the f1na1 result both three and mu]t1—beam calcb}attons

v7:of B]och wave parameters were carr1ed out for d1fferent i

"".‘,mater1als whﬂch haVe been cons1dered in this the51s Good

\ I

“vagreement was obta1ned between the resu]ts of both sets of

o

”}:fbroxwmat1on 1s adequate For pred1ct1ng the effects of

‘f}b}a Bloch wave - degeneracy in the presence of non- systemat1c

- w1th the h1gher orde: non systemat1c ref]ect1on (137)

’ref]ect1ons /ﬁn order to determlne the effect of hwgher”

order non systemat1c ref]ect1ons a study has been carwed out

One quest1on wh1ch ar1ses when perform1ng the‘
/

‘imujt//beam calculat1ons is how many reflect1ons shou]d be

’,\‘ .
A B

'if*ver1fy that no other ref]ectxons have a: s1gn1f1cant effect R

e icalcu]at1ons,l1nd1cat1ng that in th1s case the simple three v=”'

‘.éf?fﬁ¥
e L
/"



.
©g

F1g 7

A computed d1ffract1on pattern for a [334] or1entat1on ina

 crysta1 W1th fcc structure show1ng the 11 ref]ect1ons wh1ch}i'“’”

.&\)

were cons1dered 1n tWF many beam ca]cu]at1ons
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g - Cg 1Y g

;c'.(see f1g 7)

f1nc1uded ln view of the fact ‘that the comput1ng t1me
;:.requ1red for a part1cu1ar ca]cu]at1on 1ncreases cons1derab1y
W1th the number of ref]ect1ons taKen 1nto account it was
Vtanecessary to develop a cr1ter1on wh1ch selects only those"‘
fbeams wh1ch are re]event to the resu]ts obta1ned The‘ -
yprocedure used 1n the present work was to 1ncrease the =
f;number of ref]ect1ons 1nc1uded unt11 a stage was reached
erhen the add1t:on of further ref]ect1ons d1d not change the '
}1ntens1ty prof11e or the va]ues of Bioch wave parameters |
KLY Ly

and q 1n any s1gn1f1cant way In th1s way e]even

:vrpflect1ons were cons1dered for the mu]t1 beam ca]cu1at1ons

’

: 4 6 D ffract1on cond1t1ons for wh1ch the B1och wave .

*deqeneracxes are obta1ned

The cond1t1ons for the occurance of ‘a B]och wave d

fdegeneracy in the presence of a non systemat1c ref]ect1on h N\

N .
(Cann and She1n1n 1974 GJonnes and Ho1er 1971) are g1ven by’

: =( Ui )(Ue-h . ,9 )y B U (a)



reduce to

where Sy and s, aretthe deViatton‘parameters of ref]ection.g

~and httsee section 4.2.1) and‘Ué and Un are parameters

/

-yre]ated to the Four1er coeff1c1ents of the 1att1ce

|

potent1a1(see equat1on 2. 1 chapter.2) For the part1cular -

~.case Qf 220) and (133) the'ekpressione 4 5) and 4.6):

G S0 = 0 ff; o sa)
o . ‘:ia : e S ‘
5-33 - U" Uiao e S E L - {4.6a)
A s ’tZK,UZDJ’ . EAERIA e

and similarly for the case of (000}, (2201, (737)

CSgwe =0 alEb)
Sppy = —izzzUne (4.6b)
PR 'ZKUzzb : ; ©

,'vIn these part1cu1ar cases two B]och waves w111 be degenerated;

on]y when (220) ref]ect1on 1s ﬂn 1ts Bragg cond1t1on and

_'dev1at1on parameter of (133) and (137) are g1ven by :
"i_equat1ons 4, 6a and 4, 6b Th1s is 111ustrated in fwg 8 which .
"Shows that Bloch waves 2 and 3 are degenerate atAB,%5
QFO 058733( 8,3315 the dev1at1on of (133) ref]ect1on from
'":Vk1ts Bragg cond1t1on g1ven 1n fract1ons of 8- the (133)

‘ﬁBragg angle) This va]ue of AB 33as taken - from the curves R



w.

| | jFigk*Sf., | o .
.- The Variéiibn,of'Y(i)(i ='1,2,3) with AQ133 as given by a

three beam“;aTcu1atioh-inc1ud%ng”(ooo);-(zzo),'an5>(133)

I T

.\mffﬁflgctipnéf <A6220 =0.00. R S

i . *,'F’i’g."9 ' | |
The'yakiabidn of y(i)(i‘=L1;2,3)‘With”AeT33 astgivén by,é£”,”
thréegbeam caTQuTétion'ithuding tHe,(OOO); (22U),,andf

4
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-corresponds _to a’deViatton parameter s- = -0.107x10"3 Aoin

33
' agreement with the value obtained from equation (4.6a).

| When the (220) ref1ection is'not in the Braggfcondition a

’ degeneracy. does not occur . However when AB,2.01s small,

Y |
"Bloch waves 2 and‘3 are near]y degenerate, a cond1t1on wh1ch'

'w111 be referred as. quas1 degeneracy ' Th1s is 11]ustrated

vnn f1g 9, wh1ch shows the quasi- degeneracy at ABj,5 = k‘-O-'._O7B'i,-33 '

,(553 --0.2%10" AA ) and AB,,q ¢ -o.1612,(511Qm--o.56x10f9vAv){.

4.7 Calculation of Absorption coefficients, Excitation

" amplitude and Diffracted beam intenstty using the Standard

methed - |
The absorpt1on coeff1c1ents q ) were calculated by using
: equat1on (3 3a)(see chapter 3) In order to carry out th1s f
‘calcu1at1on the 1mag1nary component of the 1att1ce potent1a1
'.Ué must first be obta1ned(see equat1on 4.7). This wasmdohen
by us1ng the rat1bs U /Ug g1ven by Humphreys and. H1rsch
:(1968) The exc1tat1on amp11tude |¢ l as g1ven by
Ct) u)(see equat1on 2, 21), can be obta1ned from the
vueigenvectors of matr1x A (see sect1on 4, 4) The d1ffracted o
beam intensity IS was’ obtained from equat1on 3.4 (see

o

“'tchapter~3)
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4, 8 Ca]culat1on of Absorpt1on coeff1c1ents Excitaticn
‘d’

- 7amp11tude and Diffracted beam Intens1ty us1ng the exact

" method ;
The. absorpt1on coeff1c1ents q 'in exact method were
'obta1ned by d1agonalgz1ng the comp]ex matr1x B where the

1mag1nary part of the e1genva1ue gives the absorpt1on

. coeff1c1ent(see chapter 3 sect1on 3 3). The exc1tat1on'

(L W)

amp11tudes |¢ |} g1ven by X Cq ; where the B]och wave‘

‘Fourler coeff1c1ents C , Found by d1agona11z1ng the matr1x
B(see sectﬂon (4.4) and the exc1tat10n coeff1c1ents X found‘
by solving the 11near equatlon (2. 18)(1n’th1s case C , X and
g are, comp]ex) usqng the IMSL(1979) subrout ine LEQ2C. ﬁThe_'
¢-d1ffracted beam 1ntens1t1es were obta1ned by wr1t1ng a i »
program based on equation (3.4) ‘and in wh1ch X' ‘ dg),‘fsb

- and q“)were,calculatediby using exact method.



S CHAPTER 5
RESULTS AND DISCUSSION

L4

5.1ilntroduction

The B]och wave absorpt1on coeff1c1ents q ) and

exc1tat1on amp11tudes |¢ o | have been calculated as a
‘funct1oh of A8.33 (_A8,33 is the dev1atnon of the ref]ect1on
_(133) from its Bragg condition) by using the standard‘and
exact methods .. CalCu]ations have been}carried out for both
‘three beam . (1nc1ud1ng OO& +220), and (133) ref]ect1ons)
and eleven beam cases(see fig.7). The 1ntenswty profiles
ti e. d1ffracted beam 1ntens1ty p]otted as funct1on of
crystal depth) at the point ‘where -Bloch waves 2 and 3 are o
degenerate | S220= 0 ) or quas1¢degenerate ( sziot is close
- to Zero)'haye\alsd beeh obtained‘by usind both'methods. ’, g.‘
Calculations haVeﬁbeehlcahnted OQt,fah three materials .
‘inc1udingv5i,.Cuiand Au and a comparison of a]] the
calculations based on.the standard méthdd with those'based,
W '

on exact method has been made ih the p]ots'of'q and

u)
I ¢220[ as a functton of A8,33,_Bloch wave one has not been

included. The pr1nc1p1e reason for this is that the va]ues

e
of q“?and | ¢

215] are not effected by degeneracy and

therefore both the standard and the exact methods g1ve_the‘

PR

50
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same results for . th1s B]och wave. - A study has also been
carrwed out to determ1ne the effects of a h1gher .order

non- systemat1c reflect1on (137) Results of all these
studies w111 be presented in the subsquent sect1ons of this
'chapter,. 1\ - - s |

Ty

5.2 A Comparlson of Absorpt1on coeff1c1entquExc1tat1on

amp11tudes and . D1ffracted beam 1ntens1t1es obta1ned w1th

Standard and Exact methods

" 5. 2 " The case of deqenerate d1ffract1on condi’ .ns.

It was 1nd1cated in the prev1ous chapter(see section
4.6) that 1n the presence of the non systemat1c reflect1on
(133), a B]och wave degeneracy occurs when.the (220)
ref]ectlon is in its Bragg cond1tton . The first
'calculat1ons to be presented are for the med1um atom1c

(ﬁhmber matertal copper at an accelerat1ng vo]tage 100Kv.
C L)
Figures 1Qtaﬂb) and 11(a,b) show theAvarJatJon of |_¢:1°1

and q")with Aeﬁn”obtained by usingistandard and eXact

-methods respect1ve1y ~From these f1gures it can be seen

~

:that there is no’ s1gn1f1cant d1fference between the values
X8
of | ¢21°| or q obta1ned.from e1ther method.- A po1nt of

1nterest which shou]d be noted however is that thepe is an

'w"1>1nterchange in the va]ues of l b zo| and q R for Bloch waves

2 and 3 which occurs at- thédpo1nt of degeneracy - The value

‘cﬁ A8-33at the p01nt where the 1nterchange occurs has-



| | _ Fig. 10(a,b) N
The varijation of excitation amplitude |¢§;%l (i = 2,3) with

‘ A9133Jf0f cq, at AB,,4 = 0_ca1cu1ateq by (a) the standarq,
__ and (b) the exact methods. - ' ‘ .
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'jThe var1at1on of B]och wave absorpt1on coeff1c1ents
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TABLE. 1

ffferences in the absorpt1on coeff1c1ents and

'y

:d1ffracted beam 1nten51t1es ca1cu1ated by us1ng both
7_standard and exact methods at the po1nt where B]och waves 2
‘_‘and 3 are degenerate | Three beam: calculat1ons were used and '

t 7

f _the resu]ts shown are for 5111con, copper and gold

"}Aeigo;_o.a‘ gAeeeleﬁating'VottaQe-z 100 Kv.
fcrystatathiekneSS'fer'Cu'and’Auaz 1500 A o
‘~’bhystaj thieknesefqudﬁti= 15, 000 A
}6 g - q¥
I D
X i =_2-:‘ ood02 3
" osio| o.002 0.0 0.04 s
cu | olea 0.0 12
o | o2 0.0 0.18
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i

?

qj

of Aeno -0, 000192,_,,

different vatues for the two'methods However‘”because this

1nterchange occurs at a part1bular vaiue of‘A8,33, thel-

| va]ues of thevparameters in equation (3. 4)(see chapter 3)

for i =2, 3'remain unaffected7on passing through the

degeneracy po1ntﬁ As a result there should be no

51gn1f1cant d1fference in the 1ntens1ty prof11es obta1ned by _

the two methods in thts case, as.tndicateduby the data 1n'
table(1). | " | R

ca
{

Stm11ar ca]cu]at1ons have also been carrwed out for -

. gold and;stl1con. The resu]ts obta1ned w1th these two

elements were found to_be s1m11ar in character to those"

d‘obtainedsforicoppeijSee’tabIe t)

‘_..

bf 5 2 2 Resu]ts in the case of quas1—deqenerate .
y ‘ ,

d1ffractton cond1t1ons

In. sect1on 4. 6(chapter 4) 1t was 1ndicatedvthat when

> :there is a smal] dev1at1on of (220) reftectton Fromuits

‘,Bragg cond1t1on Bloch waves 2 and 3 can be cons1dered to be

' {quas1-degenerate (see ftg 9) In th1s thes1s a study of -

athe quas1-degenerate state has been carr1ed out for a va]ue

Ledp
g L)‘

f\ The results Obta1ned for copper are shown 1n»17 »
Fig. 12(a b) and th (13) F1gures 12(a b) show the ;b
' \\)." ' ‘

var1at1on of q'" and l¢ ‘{[_ 2, 3) wwth A®753obta1ned

110 I

:from both standard and exact theor1es It can be - seen from.

L :

Sy



F1g 12( a b)

‘ The var1at1on of (a)'exc1tat1on amp11tude ]¢220[ =2,3)"

.and (b) the var1at1on of q( )'(i,- 2 3) w1th Ae133
: Ca]cu]at1ons were carr1ed out for Cu us1ng both exact and

SFéndard methodsg}aﬁla ya]uewof.Aezzoﬂ-‘—O 00016220

Ce 0%
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F1g ]3.v5' SRR
The var1at1on of d1ffracted beam 1ntens1ty w1th crysta]
‘th1ckness for Cu obta1ned by us1ng the standard and exact
;methods Ca]cu1at1ons were carr1ed out at “the po1nt where_-
;B]och waves 2 and 3 are qu§f1-degenerate, ?.e; at Ae]33

-0. ose]33 and A9220 = -0.00016,,4-
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interchange in the values of q° or | ¢,,, | occur over a

82

these Figures that in the case of the standard method the

) (L

range of values of AeTaB( i:e., the interchange.is

_continuous)( In the case of theiexact method the

interchange is 51m11ar in chahacter to that obtained in the

- case oOf degenerate d1ffract1on conditions(not shown in

f1g 12 ). From fig. 12(a b) it can be seen that at the po1nt»_

~ where B]och waves 2 and 3 are quas1-degenerate i.e:, at

\\\\\\\‘spac1ng is not not1cab1y a]tered ' The two theorles

”‘\\however, g1ve significant d1fferences 1n d1ffracted beam

4;9‘33 =.-0,053333133, the‘standard“method gives
g®= g® and | dé:i | = | ¢§i$l' whereas the exact method

values are QUite diffehent As"a’result it .would be.

. expected that the 1ntens1ty prof11es obta1ned w1th the two

'methods would be qu1te d1fferent as showﬁ 1n figure (13)

It should be noted from this f1gure that there 1= no -

.apprec1able change 1n the overa]] shape of the 1ntens1ty

profw]es obta1ned from the two theor1es and the peak to peak

A

1ntens1ty

;- S1m11ar calculat1ons have been carr1ed out for s111c0n'

and go]d The results obta1ned were found to be s1m11ar

character to those for Cu as 1llustrated in f1gures (14'4

(15) and table (2). a B - R PR .

s



. Fig. 14 _
, _ , ig. 1 « |
The var1at1on of d1ffracted beam 1ntens1ty w1th crystal \

th1ckness for $1i obta1ned by us1ng the standard and exact‘ ‘”

-'methods. 'Ca]cu1at1ons were carried out at the point where
Bloch waves‘z'and 3 are‘quasi4dégenerate, ie. at AGT§3'=’

\_ and A®

-0.058733

R | » j

Figo 15 |

The variation-Of dfffraétedbbeam 1ﬁfensity with crystal -

~th1ckness for Au obta1ned by us1ng the standard and exaat.
‘methods. Ca]cu]at1ons were carr1ed out at the po1nt where
.B]bcr-wayas 2 and 3 are'quas1-degenerate, ife. at A6133 =

20.11567,5 and A8,,0 = =0.00018,5).

N
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TABLE 2

T

Pércehtage'differencés in absbhption goeffjgiéhts ana'/

diffracted beam intensities calculated by using‘standard and
exacﬁ.method ét.fhé'boint where Bjoéh-waves‘2 and.B are

.. quési~degeﬁeréte.'3 beamiand 11 beam ca]cu]atjdns werezused

and the“PQSUTtifshowﬁvgré fdr Si,vCu~énd.Au. A

l

BByz0 = -0!00018120  _ Accelerating voltage = 100Kv

'Crysta] thickness fof Cu and Au = TSOO'on S

Crystal thickness for Si = 15,000 A’

@ S T
s Qe
(el .

s
=2 [ iTes

X100

=

3 beam| 11 beam| 3 beam| 11 beam | 3 beam | 11 beam
|'si |18.66 | 24.65 | 18.70 | 24.92 [60.58 | 70.21
cu |71.57 | 8s.30 | 79.35 _82.72 19.90 | 21.50
Au  |83.05 | 98.50 | 80.46 98.90 71.33 85.89




Fig. 16(a)

i

The variation-of the Bloch wave absorption. coéfficiehtsfq(i)

' into aéigggjéln/xhﬁfEﬁTzhlat1ons

The var1at1on of d1ffracted beam 1ntens1ty with crysta1

e

Fig. 16(b)

th1ckness for Cu obta1ned by us1ng the standard and exact
methods. ,Ca1cu1at1on5fwere carried out atwthe po1nt where .

B]och’waves 2 and 3]are,quasi-degenerate, i.e. at 96133 =

-0.0385

4

133 and 88554 =/-0.OOQ16220f 11 beams were taken into

_account in the calculations.

,W1th A9133 for Cu at A9220 = -0.00016220, ca]cu1ated by ,/ffff’”’
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b- 5 2 3 Resu]ts 1n the"mu]tasbeam case

"i.ff Mu1t1—beam calculat1ons have also been performed in.

' order to f1nd out 1f the three beam approx1mat1on is

- . 0

t%adequate Calculat1ons have been carr1ed out For the three

v"Lelements (1 ‘Cu. Au and 51) fOP qU351 degenerate
{d1ffract1on cond1t1ons(1 e, whenAABzzo 0 00018229)
L jf Eleven ref]ect1ons have been cons1dered (see sect1on 4 7)
e . y

}

‘;hobta1ned are s1m11ar 1n character to th S obta1ned 1n three ;hff

i;; fbeam case, as 111ustrated by‘the resu]ts obta1ned for Cu are

| -:flﬁfh_shown 1n f1g 16(7 b)) and f1gures (12 13)>(see page 48 49)

I
5 2 4 Effects of h1qhe% order non systemat1c

Lol } R . . .
,‘\. H ‘ Sy . ‘ - o - : ; o \‘ .
. : . o A .

{b gf]bct1on Iy?ﬂ”

”ﬂ A study haslbeen carr1ed out to see 1f the effects B

-*.'H;”_the non systemat1c ref]ect1on A The reflect10n Q0n51deP9d |

’fiﬂa“dfor th1s study 1s (137) and catcu1at1ons have been carr1ed
out’ for both Si and Cu. Poth‘gégenerate ( ASZZO—AO ) ang

;rquas1'degenerate ( Aelzoi 0. 00018220) d1fFract1on

R

; ., A
, , : ond1t1ons have been cons1dered . The f1rst ca]cutattons
vk e / . ¢

et have been carr1ed out for Cu It has been found that 1n

tf?s1m11ar‘tn character to those obtatned f07 (133)‘ref1ect1on

A SR i

68

ff“;;for tH@%e calcu]at1ons 'It th been %ound that the résu]ts'ff

-_found 1n the prevwous secthens are affected by the order of

;fcase oggdegenerate dlffract1on cond1t1ons the resu]ts are 3} .

L
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o : F1gl 17( ) .
The var1at1on of the Bloch wave absorpt1on coeff1c1ents
fi.qfl) W1th A6137 for Cu Ca]cu]at1ons were carr1ed out by

| 5hus1ng both stmndard and exact methods at a va]ue of ", '1'.ﬂ'j*h

A8,

17(b)“ﬁ¥;-f R e

The var1at1on of Jﬁffracted beam*@n%;ns1ty w1t'.'4”

’:th1ckness for Cu obta1ned by us1ng the standard
B methods Ca]cu1at1ons were carr1ed out at the po1nt where3‘“

{h;Bloch waves 2 and 3. are quas1—degenerate, 1. e at.46]37.=‘

e
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results- shown are for S1 e

"~ Crystal th1cKness for S,

'fAcce]erat1ng vo]tage £

S 71

TABLE 3

Percentage d1fferences in absorpt1on coeff1c1ent and

: d1ffracted beam 1ntens1t1es ca]cu]ated by us1ng standard and -
hexact method at the po1nt where Bloch waves 2 and 3 are

o degenerate and‘ﬁUas1 degenerate: 3 beam calcu]at1ons were -

used 1nc1ud1ng (OOO) (220) and L1375vref1ect1ons and the*fy

&

G

Crysta] th1ckness for Cu Tv? h

2

ELIN

4§Bizo<: Eieﬁent

3Q¢QQumhe.v' | DT S N . |
.a"/" ;aCuffj .0;39 i Ofdh‘ ">.n0(30”‘ :

~0.000 10550 |

si | 22.33 | 33.01 | 87.14

iy

cu | 83.30 | e2.70 | 37.33

. 'g./’



k1~ been ca]culated for d1fferent crystal th1cKness as a

o

" and ;hghefore“hb Sjgnifiéant différences webe*foundninithe
resu1tsvobtatned With standahd and‘eXact’methods (see
'vtable(éj)} In the case of qdas1-degenerate d1ffract1on

' condttions- however 's1gn1f1cant d1fferences have been found
in the resu]ts obta1ned ‘with- the two methods as shown in
f1gures 17(a b)" and tab]e(3) 51m11ar calcu]a%gfns have been

£

dcarr1ed out for S1 f The results obta1ned are s1m}1ar in

t”characten 'thodé obta1ned For Cu (see tab]e 3)
| 1t 1s of 1nterest to cempare the resu]ts obta1ned for
'the 1ow order reflect]on (133). ﬁxth those of h1gher order

'reflect1on (137) in order to carry out th1swcompar1son~

’percentage d1fferences in d1Ffracted beam WntenS1ty have

- f,-g
LS :3'

‘ fconstant value of AB,QO (see table 4;{ Ca]cu]at1ons of L

;vd1ffracted beam 1ntens1ty us1ng ‘the two theor1es have a]so
been carr1ed out for d1fferent va]ues of. Aezlovas a .
bonstant crysta] thwckness-(see table 5) It can be seen -

A

;f,,from the table(4) and tab]e(S) that the d1fferences in the~
'_results obta1ned by us1ng both methods are greater in the
'},caseeof‘(437) weflect1on than in the case of (133) |

“hef]ection} The reason for th1s w111 be d1scussed in. the*

next .section.’ oL e e e T
RS A

ot

3.~3,v

’ ,.ffw
L4 .
. R
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TABLE 5

Percentage d1fferences in d1ffracte%>beam 1ntens1t1es
n_ca]culated by using. standard and exact method at the po1nt
'where Bloch waves 2 and 37 are quas1 degenerate 3 ‘beam

fwcalculat1ons were used ahd the results shown are. fop Cu.

' Ad@g]enatﬁhg ypltageA;;fOOKv and Crystél}thi@%ness for

Cu = 10000 A"

oo |

T “fz o | Gerd
~0.08,,, | ,1550. 6 - .0.30

~f,;bQ°°°°‘9==o '~ ..3Q;34f 1:  1 es7s

57-0.000192u> . 132ﬁ34'3;~.__ 98.76

5 2 | 32.45 . - A“f'f | 9@%78*

| -0.010.0, _ﬁ;' Car.87 Lt;‘:“98185vf,u.

fr;o.oso,z, agfj.';nas,éq_A g f;V"nM;L89,73 R
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5.3 Discussion

The results described in section 5.2.1 showed that for:

'degenerate d1ffract1on cond1t1ons‘t.e. when the systematic

-refTectﬂon is . in. 1ts Bragg cond1t1on there are no

s1gn1f1cant d1fferences in the absorpt1on coeff1c1ents and

'ilf.d1ffraotéd beam 1ntens1t1es obtained from the standard and

‘V?cfexact methods ' The resuTts descr1bed in sect1ons 5 2 2 and

5 2.4 on the other hand showed that for quas1—degenerate

d1ffract on cond1t1ons i.e when the systematTC refTect1on'

Tﬁ‘)«'.

Cis cTose to 1ts Bragg cond1t1on there are s1gn1f1cant

?d1fferences in the resuTts obta1ned from the two methods

The manner in wh1ch these differences arise d1ffer in three-

1mportant respects . The‘fiHSt'oF'these can be seen from’the

numer1caT caTcuTatlons 1n tab\e(S) {see page 59) wh1ch show

L

that the d1fferences occur over a rarigs of vaTues of

Aezzoh Th1s tabTe shows that the s1gn1f1cant d1fferences“

in the dwffracted beam 1ntens1t1es obta1ned when the two
methods for caTcuTat1ng the absorpt1on coeff1c1ent were
used occur over a range of values of Lxezzofrom about )

0. ooomew 5 -0. 1ew in case of‘(133) reflection.

o The second 1mportant feature of the resuTts presentedf

'“;wn th1s thes1s can be - seen by compar1ng the resuTts for

d1fferent mater1als as shown in tabTe(Z) (see page 52).

EThese resuTts show that the d1fferences in absorpt1on

R coeff1cwents and d1ffracted beam 1ntens1t1es obtained from
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‘the two methods are greater in the case of Au than in the
case of Cu, which indicates,that the errors'increase with

. inoreasing atomic number. Frombtables (1), (2) 5hdl(3) (see

T pages 46-452 and 56) ‘it can be seen that the results |
vobtained for d1am§nd cubic crysta1 (Si) are similar in

"character to those obta1ned for the face centered cub1c'
crystatsv(Cu’and Au) . :

The th1rd 1mportant feature of the results presented in

this thes1s can b%tégen by compar1ng the resutts obta1ned
for 1ow and:- h1gher order non- systemat1c ref1ect1ons in L
tablesbt4) and (5) (see page 58, 59) b These results show
that the d1fferences obta1ned from us1ng the two methods

‘1ncrease s1gn1f1cant]y w1th order of the 'non- systemat1c
reflectjon ' The under1y1ng reasons for this behav1our w111
be dﬁsodssed-1n the next sectton.

’\\\;g 3 1 A d1scuss1on of the effect of order of the.

non systemat1e ref]ect1ons on absorpt1on coeff1c1ents when

~the systemat1c reflect1on is close to 1ts Bragg oond1t1on.

. The results descr1bed in sect1on 5.2.4 and tables (4)

,

and (5) (see pages 58 59) showed that the d1fferences in thell
.'results obta1ned from: the two methods for ca]culat1ng
absorpt1on coeff1c1ents are. greater in case of (137)
| ref]ect1on than for (133) reflect1on Th1s can be exp1a1ned,d

1n terms of the charactertst1cs of the B matr1x The wnst_

21
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W
B e

17

B’mafriées.for‘théée'beam calculations “in which (a) (000),

(220), (133) and (b) (0001, (220)

ﬁhcluded,.

, (137) reflectioné are

 £3852°= 40.00018120._Acce]erating voltage =‘100 Kv

! Change in- the imaginary '
ta) ™ §.matrix part of the diagonal
| S(x 10737 elements | qydf)'after
| diagoHalizafionl(x1Q'bK3)
1.5540.231 -0.03i 0.0321 0.055
-0.031 -1.14+0.009i —0.0078%' 7.24
0.032i  -0.0078% ~-1.14+0.01i 7.30
N Qhange'inithe_imaginary
(b)i S Q'matrﬁx . ' \. pért 6f\{he dfigéﬁaj

Cext07EA)

\

elements [ q'" ) after

{1.20+0. 181 -0.04i

-0.0371

dfagoné]{zation (x10°% £

0.074

-0.041 -1.14+0.0351 ~0.028i 24.050
10.371 0 0.028i -1.14+0.03i]|  .24.120
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important point to,note 1s_that‘the amount by which the_

(l))

standard theery eigenvalues (Y“’ , which are equal to

" the d1agona1 elements of the: B matr1x are modified by the

off—d1agona1 e]ements depends on the value of these elements
as well as the d1fferences between ‘the d1agona1 elements .
(Andrew and She1n1n 1975) It can be seen from tab]e(6)

that the d1fferences betweeP the d1agona1 elements of. the B

matr1x are 1ess for7T$3Zl\r f)ect1on than in the case of

(133) ref]ect1on It is cl ar therefore that the difference

‘1n the absorpt1on coeff1c1e ts obtained from .stan -andb'
exact(d1agonal1z1ng_the Q;matr1x) methods should ) b ter

in case of (737) reflection than in the, ‘tase of/(733);, o

reflecfion as has in fact been found (see the right column

of table 6).
The reason'for the decrease in d1fference between the.
eigenvé]ues v ) w1th 1ncreas1ng order of non- systematwc

reflection'was exp]a1ned by Cenn(1973>. In a determmnat1on

" of extinction distance in thé présence of higher order .

non-systematic reflections"Cann found that the minimum
difference between the eigenVaiues is eqUal to UA/JQK . This
shows that the difference is d1rect1y proport1ona1 to |
Four1er coeff1c1ent of the. 1att;ce_potent1ql_of the

. . . i i K .
non-systematic reflection involved. ‘Since these

coefficientsdin:general decrease in magnitude with

increasing order of non-systematic reflection, ‘the decrease

3
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in differences between the eigenvalues with increasing order

of the non-systematic ref]ectjon'is'exp1ained.

SJA Conclusions

The original purpose of the work undertaken in th1s
'thes1s was to determine the errors. obta1ned from using the

standard theory to calculate absorpt1on coefficient in the

dynam1ca1 theory of electron d1ffract1on for the case where

JBloch wave degenerac1es occur: due to the presence of- P
non—systemat1c reflect1ons. Inzorder to carry out suchvft
fnvestigation'a cohparison'of the calputations based‘on_\

. standard‘theory,with those based,on exgct theory has beedy”
.carr1ed out. o : . R - N .

In attempting to assess the s1gn1f1cance of the results

in this thesis the first point  to con51der is the 1mgortance
',_of tak1ng nongsystemattc reflect1ons 1nto account in¢ |
d1ffract1on contrast ca]cu]atxons ‘In {he past most
‘calcutat1ons of d1ffract1on contrast have been based on'
~either the two-beam dynam1ca1 theory or the mu]ta beam -
r‘theor} taking*systematic r‘flect1ons 1nto account iInf
vpract1ce, the assumptﬂon that only systemat1c reflect1ons ;

-
"are present 1s open to quest1on s1nce non systemat1c L

- ref]ect1ons mus t to some extent be exc1ted In‘the

/

ca]cu]atlons of d1ffract1on contrast involving thesett
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reflections the electron microscoptst is confronted with-

problem of . choos1ng either standard method or - the exact:

A,
: method to calcu]ate absorpt1on coeff1c1ents

13

In th1svthes1s it has been shown that there-arelno
stgnificant errors obtained in using thebstandard theory to
calculate absorpt1on coefficient when d1ffraet76ﬁ/€onditions
'are such that a Bloch wave degeneracy is obtained in. the
presence_of non-systematic reflect1on, significant errors, s
however, are obtained in the case of Quasi-degeneraté |
'ditfraction condi tlons VIt;is important to'apprectate that
in pract1ce it may be very d1ff1cult tor the e]ectron .

bm1croscop1st to Judge, from the d1ffract1on pattern wethen—A

degenerate or quas1-degenerate d1ffract1on cond1t1ons

obtaln In th1s s1tuat1on s1gn1f1cant errors may be
g'obta1ned by using standard method to calculate. absorpt1on
\'coeff1c1ent and Lherefore it is 1mportant to use the exact

vmethod. It has also been’ tndncated in this thes1s that the°

errors obtained'by using’the standardlmethod increase with

a

.1ncreas1ng atomic number and with 1ncreas1ng oorder of the )
non systemat1c ref]ectxon It is tHerefore clear that there -
rare. many~poss1ble s1tuat1ons for whwgh the exact theory ' 7

& ?)4, RN 'ry

QUTlag% used when non- systematwc'ref]ect1ons are taKen

}1%to aCCount in. the: calculat1on of d1ffract1on contrast
I e B - 3‘ ‘ \ : )
SRR LT B Bne final point shou]d be noted ~ The above conclus1onsw

s . P .‘ }»" ~ e S
BREOIN \ are based on: three beam calculat1on and therefore only a

| \
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--¢ws1ng1e non- systemat1c reflect1on is taken into account In

‘ipract1ce there may be a number of non- systemat1c reflect1ons

excited which may have s1gn1f1cant effect on the resultsﬁu
obtained. Since each non- systemat1c ref]ect1on can g1ve
r1se to a degeneracy, it 15 possible that the errors

de$cr1bed 1n thws thesws°may be cons1derab1y greater‘in-
pract1ce;Q Eurther 1nvest1gat1on is of course requrred to:

\

' substantiate thﬁsnfactf o R A
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